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ABSTRACT
The work descr ibed in t h i s  th e s i s  comprises three  p a r t s :  
devising an o r ig in a l  method capable of  making absolu te  measurements 
o f  a cous t ic  impedance (both modulus and phase) fo r  brass  ins truments ;  
developing formal sub jec t iv e  assessment procedures enabling the  the 
sub jec t ive  dimensions o f  trombone q u a l i t y  to  be q u a n t i f i e d ;  discovering 
the  e x ten t  to  which the acous t ic  impedance of  an inst rument may be 
used to  p re d ic t  i t s  su b jec t ive  q u a l i t y .
The impedance measurement systems of var ious authors are 
reviewed, and the l im i t a t i o n s  imposed by such systems discussed. The 
computer con t ro l led  system devised by the  au thor ,  which uses a ho t ­
wire anemometer to measure p a r t i c l e  v e lo c i ty ,  i s  then descr ibed in 
d e t a i l  including  t ransducer  c a l i b r a t i o n  and measurement accuracy.
The f a c to r s  governing the  sub jec t ive  q u a l i t y  o f  trombones, 
based on in terviews with p la y e r s ,  are in troduced,  and the techniques 
used to  quan t i fy  sub jec t ive  c h a r a c t e r i s t i c s  (Semantic D i f f e ren t ia l  
Scaling and Multidimensional Scaling) are presented toge the r  with a 
d iscussion o f  the  advantages and disadvantages o f  each method. The 
r e s u l t s  o f  a s e r ie s  of su b jec t ive  experiments are given.
Several hypotheses r e l a t i n g  the sub jec t ive  q u a l i t y  o f  an 
inst rument  to i t s  impedance are discussed . For the trombone, the 
degree of  harmonicity of  the  impedance maxima and the  envelope o f  
the impedance curve are  shown to have an important e f f e c t  on p laye r s '  
assessment.
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CHAPTER 1 INTRODUCTION
1.1 Statement of the  problem
A cen t ra l  aim of musical acous t ic ians  i s  to  improve the 
q u a l i ty  of musical in truments ;  however t h i s  can only be done i f  the  
f a c to r s  governing instrument q u a l i t y  are understood. In addi t ion 
q u a n t i t a t i v e  assessment techniques are required ,  f o r  without  them i t  
i s  impossible to a sc e r t a in  whether a genuine improvement in q u a l i ty  
has been made. I t  i s  the opinion of the author t h a t  the almost to ta l  
lack of  s u i t a b l e  assessment techniques is  the most important f a c to r  
hindering the progress  of  instrument design and development. For t h i s  
reason the work presented here was d i rec ted  towards the  i d e n t i f i c a t i o n  
and q u a n t i f i c a t io n  of the  f a c to r s  governing brass inst rument q u a l i ty .  
The trombone was s e lec ted  fo r  in v e s t ig a t io n  pr im ari ly  a t  the request  
of Boosey and Hawkes (the  i n d u s t r i a l  sponsor) ,  in order to  complement 
the work of another  CASE s tudent  who was studying the in tona t ion  of 
the trumpet [ i ] .
1.2 The Trombone
A d e ta i l ed  account of  the  h i s to ry  and const ruct ion  of the 
trombone i s  given by Bate [2 ] ,  hence only a b r i e f  desc r ip t ion  w i l l  be 
given here .  The tenor  trombone in B6 is  the most widely used member 
of the  trombone family ,  and was the re fo re  chosen fo r  t h i s  s tudy.  A 
typ ica l  ins trument i s  about 2.7m in length and i s  made in th ree bore 
s i z e s ;  smal l ,  medium and l a rg e ,  where the bore of the inst rument  i s  
conventional ly  taken to  be the in s ide  diameter of the inner  s l i d e  
sec t io n .  These bore s ize s  correspond approximately to  12.3mm, 12.7mm
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and 13.9mm re s p e c t iv e ly ,  but i t  should be noted th a t  the exact values 
used by ins trument makers are  governed by changes in fashion and 
national pre fe rences .  The ins trument i s  coupled to the players  l ip s  
via  a detachable mouthpiece. The construction  o f  the  instrument and 
mouthpiece are shown in Figure 1.
1.3 Trombone Quality
The q u a l i t y  o f  an inst rument may be separa ted in to  two ca teg ­
o r i e s ,  sub jec t ive  and o b je c t iv e .  Subjective q u a l i ty  i s  a p la y e r ' s  
(or l i s t e n e r ' s )  personal assessment of an ins trument,  and includes 
such fac to rs  as t imbre ,  responsiveness and in to n a t io n .  These fac to rs  
may be ra ted  q u a n t i t a t i v e ly  using Multidimensional Scaling (MDS) and 
Semantic D i f f e re n t ia l  Scaling (SDS). The p rec ise  nature  of  these  
fac to r s  and d e t a i l s  o f  how they may be q u an t i f i ed  are given in Chapter
3. Objective q u a l i ty  i s  a general term used to denote the physical  
c h a r a c t e r i s t i c s  t h a t  are thought to govern the sub jec t ive  q u a l i ty  o,f 
an ins trument .  From t h i s  d e f in i t i o n  i t  can be seen t h a t  the concept 
of  ob jec t ive  q u a l i t y  cannot e x i s t  in i s o l a t i o n .  Only when physical  
c o r r e l a t e s  to the  many dimensions o f  sub jec t ive  q u a l i ty  have been 
e s ta b l i s h e d  wil l  i t  be poss ib le  to describe  an instrument as having a 
p a r t i c u l a r  ob jec t ive  q u a l i t y .  The ob jec t ive  q u a l i ty  depends u l t im a t ­
e ly  on two physical  c h a r a c t e r i s t i c s ;  the geometry of  the  inst rument ,  
and i t s  materia l  composition.  I t  i s  extremely d i f f i c u l t  however to 
r e l a t e  these physical  c h a r a c t e r i s t i c s  d i r e c t l y  to  the  dimensions of 
sub jec t ive  q u a l i t y .  For t h i s  reason i t  i s  appropria te  to  inves t iga te  
addi t iona l  physical  c h a r a c t e r i s t i c s  which are capable of being re la t ed  
to  both sub jec t ive  and o b jec t ive  q u a l i t y ,  thereby e s ta b l i sh in g  l inks
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between them. I t  w il l  be shown how the ex is tence  of such ch a rac te r ­
i s t i c s ,  to ge the r  with formal sub jec t ive  assessment procedures ,  will  
g re a t ly  a s s i s t  the design and development of a new ins trument.  F i r s t  
the design procedure used by Boosey and Hawkes i s  described.
1.4 Design procedure fo r  a new instrument
During the l a s t  four y e a r s ,  Boosey and Hawkes have been 
developing a medium bore Profess ional Model Bb teno r  trombone. They 
commenced t h i s  programme by cons t ruct ing  several  p ro to types ,  some of 
which were based on e x is t in g  components from t h e i r  s tudent  models, 
and the remainder of  which were copies of designs from t h e i r  more 
successful  competitors .  A profess ional  p layer  was then inv i ted  to  the 
fac to ry  to  t e s t  various p ro to types .  Instruments produced by o ther  
manufacturers may a lso  be included in t h i s  t e s t  as a bas is  f o r  compar­
ison.  I t  i s  the custom to design a new model in conjunction with a 
p a r t i c u l a r  p la y e r ,  who subsequently takes p a r t  in the promotion of 
the  ins trument .  A f te r  playing the  instrument the p layer  then gives 
h is  opinion of i t  by using a v a r i e ty  of verbal desc r ip to rs  (eg. s t u f f y ,  
b r ig h t ,  responsive,  t h i n ,  e t c . ) .  I t  i s  the ta sk  of  the ins t rum ent ' s  
designer (who in t h i s  case a lso  b u i l t  the prototypes) to r e l a t e  these  
a d jec t ives  describ ing the ins trument to i t s  geometry and co ns t ruc t ion ,  
and then attempt to co r rec t  any f a u l t s  and generally  improve the 
sub jec t ive  q u a l i t y .  During my four years  o f  working in co-operat ion 
with Boosey and Hawkes, and a f t e r  many v i s i t s  to t h e i r  fa c to ry ,  i t  
has become evident t h a t  they do not understand the r e la t io n sh ip  
between the sub jec t ive  dimensions o f  the instrument and i t s  construc­
t i o n .  Since they are  th e re fo re  unsure what modifica tions  are required
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to  improve the ins trument,  t h i s  s tage  o f  the design can become very 
lengthy. When the designer has c a r r i e d  out ce r ta in  modifica tions  and 
made what he considers a s i g n i f i c a n t  improvement in q u a l i ty  to one or 
more of  the p ro to types ,  the p layer  i s  in v i ted  back to reappra ise  them. 
This process of  t e s t i n g  and readjustment is  continued u n t i l  the 
p layer  i s  s a t i s f i e d  with the ins trument.  This p a r t  of the design 
procedure may be summarised by the flowchart  shown in Figure 2. As a 
f in a l  check i t  i s  customary f o r  Boosey and Hawkes to make a small pre-  
production batch of about s ix  instruments fo r  evaluation  by a l a rg e r  
sample of p layers .  From t h e i r  comments, f u r th e r  minor adjustments ,  
usual ly  of  a non-acoust ical  nature  (eg, pos i t ion  of s t a y s ,  balance,  
and f i n i s h )  may be made before the instrument en ters  f u l l - s c a l e  prod- 
uc t ion .
1.5 Towards an improved design procedure
There are two ways in which the design procedure could be 
improved:
(a) by developing a q u a n t i t a t i v e ,  sub jec t ive  assessment 
technique fo r  trombones;
(b) by in troducing an ob jec t ive  measurement which could 
r e l a t e  the geometry and const ruct ion  of an instrument to  i t s  
sub jec t ive  dimensions.
The acous t ic  impedance of an instrument i s  the bes t  choice fo r  
the  ob jec t ive  measurement. There are two reasons fo r  t h i s ;  f i r s t l y ,  
the  concept of impedance i s  fundamental to  an explanat ion of the sound 
production mechanism of  brass  ins t ruments ,  and a f u l l  discuss ion of 
t h i s  mechanism may be found in Chapter 4 . Secondly,  i t  can be r e l a t e d
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to  the ins trument geometry, al though papers examining th i s  topic  have 
considered almost exc lus ive ly  the frequency locat ion  of  the  impedance 
maxima, and paid  f a r  less  a t t e n t io n  to  t h e i r  amplitudes and Q fac to r s  
[3 ,4 ] .
I t  i s  i n t e r e s t i n g  to note t h a t  very l i t t l e  work has been 
published r e l a t i n g  the impedance o f  brass ins truments to  t h e i r  subjec­
t i v e  q u a l i ty .  As a r e s u l t  authors presenting impedance data experience 
considerable  d i f f i c u l t y  when i n t e r p r e t i n g  t h e i r  r e s u l t s .  This is  
perhaps bes t  i l l u s t r a t e d  by a quota tion  from a recen t  (1976) paper by 
Backus [5] ,  who s t a t e s ;  "Input impedance curves have been run on a 
number of  trumpets.  They show v a r i a t io n s  in the matching of  resonances 
with harmonic f requencies ,  and in values of  input Impedances; however 
the formidable job of c o r r e la t in g  these  v a r ia t io n s  with the q u a l i ty  of  
the trumpet as judged by the p layer  has not y e t  been undertaken".
These remarks are  perhaps even more app l icab le  to  the  trombone, since  
Backus measured the  input impedance of  only a s ing le  B6 tenor  instrument,  
The work described in t h i s  t h e s i s  i s  d i rec ted  towards the  "formidable 
job" of  in v e s t ig a t in g  q u a n t i t a t i v e l y  and sys tem a t ica l ly  the r e l a t i o n ­
ship between the impedance of an instrument and i t s  sub jec t ive  q u a l i t y .
1.6 Outline of  proposed research
The in v e s t ig a t io n  comprises th ree  basic  p a r t s :
(a) to devise an o r i g i n a l ,  improved impedance measurement 
system capable of providing absolu te  values fo r  acous t ic  impedance 
(both modulus and phase);
(b) to  e s t a b l i s h  the su b jec t ive  dimensions of trombone 
q u a l i t y ,  and develop formal sub jec t iv e  assessment procedures which
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w il l  enable players  to  quan t i fy  these  dimensions;
(c) to  d iscover  the ex ten t  to which the acous t ic  impedance of 
an ins trument may be used to  p re d ic t  i t s  sub jec t ive  q u a l i ty .
This l a s t  problem i s  tack led  by assembling a range of trombones 
o f  d i f f e r in g  q u a l i t y ,  and searching fo r  re l a t io n sh ip s  between t h e i r  
impedance curves and the r e s u l t s  of  sub jec t ive  assessment experiments 
performed on a number of p layer s .  I f  the impedance o f  the ins trument 
can be re l a t e d  independently to  i t s  sub jec t ive  dimensions (by conducting 
SDS or  MDS exper iments),  and a lso  to  i t s  geometry and const ruct ion  
(using per tu rba t ion  th eo ry ) ,  then the l ink  between su b jec t ive  and 
ob jec t ive  q u a l i ty  w il l  have been e s t a b l i s h e d ,  allowing the design and 
development o f  new instruments  to  proceed in a more r a t io n a l  manner 
(see Figure 3).
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CHAPTER 2 THE MEASUREMENT OF ACOUSTIC IMPEDANCE
2.1 Defin i t ion  of Acoustic Impedance
The term "impedance" was introduced by Heaviside [6] towards 
the end of  the l a s t  century in connection with the ana lys is  of e l e c ­
t r i c a l  c i r c u i t s .  The concept was extended in 1919 by A.G.Webster [7] 
who in troduced acous t ic  impedance in a study of the  theory of  horns and 
the  phonograph. I t  i s  neccessary to  define what i s  meant by the term 
acous t ic  impedance f o r  the purposes of t h i s  s tudy,  s ince  modern 
p ra c t i c e  d i f f e r s  from Webster 's  o r ig in a l  d e f i n i t i o n .  The Acoustic 
Impedance (Z),  a t  a given s e c t i o n ,  i s  the complex quo t ien t  of  the 
Acoustic Pressure (P) d ivided by the Volume Veloci ty  (U):
Z = P/U K g .m "^ .s " \  or Acoustic Ohms ( S . I . )
Since Z i s  complex, t h i s  equat ion may be r e -w r i t t e n  as :
Z = |Z| 
o r  Z = R + jx
This corresponds,  fo r  example, with the usage of Kins le r  and 
Frey [8].
Normally i t  i s  the  q u a n t i ty  |Z| to which musical acous t ic ians  
r e f e r  as acous t ic  or " input"  impedance. The measurement of  the  ' 
phase angle ,  i s  u sua l ly  neglec ted .
2.2 Resonance Measurements
I t  i s  impor tant to make c l e a r  the d i f fe rence  between Resonance 
and Impedance measurement systems. Resonance measurements are
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conducted by exc i t ing  an ins trument s inuso ida l ly  via  a loudspeaker 
placed a t  one end of  the  ins t rument ,  and monitoring the r e s u l t a n t  
pressure  signal a t  the o ther  end. Impedance measurements require  both 
the e x c i t a t io n  and pressure  monitoring functions  to  be performed a t  
the mouthpiece end of the  ins t rument ,  and f u r t h e r  have the advantage 
of being independent of the room acoustics  s ince  a l l  measurements are 
taken ins ide  the ins trument.
The resonance systems described by J.C.Webster [9 ] ,  Igarashi 
and Koyasu [10] and Carmichael [11] apply the e x c i t a t io n  to  the 
mouthpiece end of  the  ins t rum ent ,  and a microphone s i t u a t e d  outs ide  
the bell  of the ins trument  measures the response s ig n a l .  A l te rna t ive ly  
Backus [12] describes  a system whereby the  e x c i t a t io n  i s  applied 
e x t e r n a l l y  to  the b e l l ,  and the response microphone i s  placed inside  
the mouthpiece. Resonance curves obtained using t h i s  method were 
found to  vary with the exact loca t ion  of the loudspeaker.  The degree 
of  v a r ia t io n  was p a r t i c u l a r l y  n o t icab le  when examining the resonances 
of  brass  ins truments .  For t h i s  reason Backus [13] abandoned the 
Resonance method, and switched in 1971 to an impedance measuring 
system s im i la r  to  the one devised by Kent. Backus was th e re fo re  in 
the unique pos i t ion  of being able  to measure a s e t  of instruments using 
both systems. Afte r  conducting a comparative study of the  trumpet he 
concluded; " . . .  the  (Resonance) method gave curves having higher 
(frequency) resonances t h a t  were subsequently determined to  be 
spur ious .  Furthermore the ex ternal e x c i t a t io n  gives only the resonance 
frequencies  and does not give q u a n t i t a t i v e  r e s u l t s  of i t s  input  
inpedance".
The author has experimented with a resonance system s im i la r  to
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t h a t  of  J .C.Webster,  where the ins trument i s  driven a t  the mouthpiece 
end, and confirmed t h a t  the  resonance frequencies vary with pos i t ion  
o f  the response microphone. I t  should be noted t h a t  the a u tho r ' s  
experiments,  and a lso  those of Backus, were not c a r r i e d  out in an 
anechoic chamber. The experiments performed by Carmichael, and 
Igarashi and Koyasu, did use anechoic conditions and no va r ia t io n s  in 
the  r e s u l t s  with microphone pos i t ion  were reported .
Thus i t  may be seen t h a t  without  an anechoic chamber, consid­
e rab le  d i f f i c u l t y  w i l l  be experienced when using the  Resonance method 
to  provide accu ra te ,  repeatab le  da ta .  Since the author  did not have 
access to  such a f a c i l i t y  t h i s  method was not considered f u r th e r .
2 .3  The plane of  measurement
Before descr ib ing  impedance measuring systems in d e t a i l ,  i t  i s  
important to  define a plane of measurement. The im p l ic i t  aim of  many 
such systems devised h i th e r to  has been to  measure the impedance "seen" 
by the p layer .  This aim has not been r e a l i s e d  in p ra c t i c e  f o r  two 
reasons :
(a) the t u rb u len t  a i r f low  provided by the p layer  i s  l i k e l y  to 
have a s i g n i f i c a n t  e f f e c t  on the measurement of impedance [14];
(b) the t ime-varying impedance funct ion o f  the l ip s  rep re sen ts ,  
in e f f e c t ,  a time varying boundary condit ion .  The pos i t ion  of  the l ip s  
in the mouthpiece cup va r ies  fo r  d i f f e r e n t  playing f requenc ies ,  thus 
a l t e r in g  the  e f f e c t i v e  mouthpiece cup volume.
I t  is  c l e a r ly  u n r e a l i s t i c  the re fo re  to  expect to be able to 
measure the impedance seen by the p layer ,  when such experiments are 
performed with the ins trument exc i ted  a r t i f i c i a l l y .
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The most popular plane of measurement i s  (nominally) t h a t  of 
the mouthpiece rim, and the impedance measured i s  t h a t  of the 
instrument and mouthpiece combined. This plane i s  used by Kent [15],  
Coltman [15],  Merhaut [15] and Wogram [16]. Consequently,  the volume 
o f  a i r  d isp laced  by the l ip s  i s  neg lec ted ,  and Backus [17] p a r t i a l l y  
r e c t i f i e s  t h i s  problem by in s e r t i n g  the recording microphone part-way 
in to  the mouthpiece cup, although the volume thus d isplaced does not 
change with frequency, as in the  case of the  l i p s .  Diagrams d e ta i l in g  
the methods o f  Kent, Coltman and Merhaut are given in reference  [15],  
and a c lo se r  examination o f  these  systems, toge ther  with th a t  of 
Wogram [16],  reveals  t h a t  only Coltman does indeed measure impedance 
p re c i se ly  in the plane of  the mouthpiece rim, the remainder place the 
response microphone upstream of  the mouthpiece rim, thus e f f e c t iv e ly  
increas ing  the mouthpiece cup volume. This increase  i s  small in the 
case of  Wogram, but in the case o f  Merhaut, i t  i s  considerably  l a rg e r  
than the o r ig in a l  cup volume! Thus the plane in which measurements 
are taken i s  often  inadequate ly  def ined. Carmichael and J.C.Webster 
used the mouthpiece th ro a t  ( the narrowest sec tion  of  the mouthpiece) 
as t h e i r  measurement p lane,  giving ais t h e i r  reason t h a t  the r e su l t in g  
resonance frequencies  c o r r e l a t e  well with the frequencies  observed 
when the instrument i s  played normally.
In t h i s  study the mouthpiece th ro a t  was chosen as the primary 
reference  plane fo r  the following reasons;
(a) i t  i s  a well defined pos i t ion  fo r  the  ins trument;
(b) i t  enables data to  be co l lec ted  when the instrument is  
played normally.
Although th i s  decis ion e l imina tes  the e f f e c t  of  the mouthpiece
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cup volume, i t  w i l l  be shown in Chapter 4 how the e f f e c t  of th i s  
volume may be included t h e o r e t i c a l l y .
2.4 Resonance f requenc ies .  Impedance maxima frequencies  and Playing 
frequencies
For c l a r i f i c a t i o n  the terms are defined below:
(a) Resonance frequencies :  the  frequencies a t  which a
maximum amplitude of the  pressure  response s ignal i s  ob ta ined , when 
using a Resonance measurement system;
(b) Impedance maxima f requencies  : s im i la r  to ( a ) ,  but using
an Impedance measurement system;
(c) Playing frequencies  : the frequencies obta ined when the 
instrument i s  played normally.  These frequencies w i l l  vary with
d i f f e r e n t  p lay e r s ,  and w i l l  a lso  vary on d i f f e r e n t  occasions fo r  a
i ;given player .
In general  none of the  above categor ies  o f  frequency w i l l  bear 
a t r u l y  harmonic r e l a t i o n s h ip .
2.5 Exis ting impedance measurement systems
The measurement of acous t ic  impedance of brass instruments 
has received a t t e n t io n  from severa l  workers,  a l l  employing a b a s ic a l ly  
s im i l a r  technique.  A typ ica l  system, devised by Kent and his  co­
workers a t  Conn. Co., the  musical instrument manufacturers,  and l a t e r  
adopted by Benade, i s  shown in Figure 4 [15]. The output of a 
va r iab le  frequency s ine  wave o s c i l l a t o r  i s  fed via a con t ro l led  
a t t e n u a to r  and power am p l i f i e r  to  a horn loudspeaker u n i t .  This un i t  
i s  coupled through a g l a s s - f i b r e  f i l l e d  tube to a cy l in d r ica l
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c a p i l l a r y  and f i n a l l y  to the  mouthpiece of  the ins trument under t e s t .
A control  microphone placed a t  the loudspeaker end of the c a p i l l a r y  
i s  incorpora ted in a feed-back loop which maintains a constant pressure  
amplitude a t  t h a t  po in t .  Since the impedance of the  c a p i l l a r y  is  high 
t h i s  in e f f e c t  produces a constant volume ve loc i ty  source a t  the mouth­
p iece .  A char t  recorder  coupled to  a response microphone placed 
upstream of the  mouthpiece rim records the pressure  while the o s c i l l a t o r  
i s  swept over the frequency range of i n t e r e s t  and i t s  output  will  t h e r e ­
fore  be an unca l ib ra ted  s ignal d i r e c t l y  propor tional  to  |Z | .  A number 
o f  workers have used a s im i l a r  approach, the main d i f fe rence  is  usually  
the way in which the constan t volume ve loc i ty  source i s  derived. These 
v a r ia t io n s  w i l l  be examined in tu rn .
2.5 .1  Varia tions  of Backus
Backus has adopted a system id e n t ic a l  to t h a t  of Kent, except 
t h a t  he uses an annular c a p i l l a r y  to  connect the loudspeaker to the 
inst rument  [17,18].  The diameter of the c a p i l l a r y  is  1.78mm, i t s  
th ickness  i s  0.1mm and the length is  63mm. The c h a r a c t e r i s t i c s  of 
t h i s  c a p i l l a r y  do not change with frequency as much as the  ch a rac te r ­
i s t i c s  o f  a c y l in d r ic a l  c a p i l l a r y .  The re s i s tance  i s  quoted as 240 Ha 
with a v a r ia t io n  of le ss  than 6% over the frequency range 100-2300 Hz. 
Since the r e s i s t a n c e  i s  known, absolu te  values fo r  |Z| may be obtained 
i f  the control  and response microphones are c a l i b ra t e d .
2 .5 .2  Varia tions  of  Coltman
Coltman [15] derives  a volume v e lo c i ty  s ignal  by mounting a 
secondary co i l  (suspended between magnets) on the pis ton connected to
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the  loudspeaker d r iv e r  c o i l .  This secondary coi l  thus provides a 
signal proportional to  the motion of  the loudspeaker,  and i s  used as 
the e r r o r  s ignal in the  feed-back loop.
2 .5 .3  Varia tion of  Merhaut
Merhaut [15] places a th in  mylar diaphragm, driven by a 
loudspeaker,  upstream of  the mouthpiece cup. The diaphragm i s  coated 
with aluminium and forms one e lec t rode  of a condenser microphone, the 
o the r  e lec t rode  being held r i g i d .  The motion of the  diaphragm produces 
a s ignal  proportional to  the diaphragm displacement,  which may then be 
d i f f e r e n t i a t e d  to  c rea te  a s ignal propor tional to  the  diphragm ve loci ty ,  
This forms the  e r r o r  signal in the  feed-back c i r c u i t  providing a 
constant volume ve lo c i ty  source.
2 .5 .4  Varia tion of Fransson
The STL lonophone [19] invented by Fransson, employs a gaseous 
discharge  as an acous t ic  source.  I t  comprises a p lex ig la ss  i n s u l a to r  
with two brass  pins to  which the e lec t rodes  are a t t a ched ,  a t  a 
separa t ion  of 1.5mm. The device i s  ac t iva ted  by a high tension supply 
( t y p i c a l l y  3 KV.) modulated to  provide an a . c .  s i g n a l .  This device 
has an impedance of  approximately 1 Mîî, and behaves as a po in t  source " 
providing a constant volume ve loc i ty  s ig n a l .  Fransson claims th a t  
t h i s  device e limina tes  the need f o r  a feed-back loop, but th i s  seems 
u n l ike ly  to  be the case f o r  brass  instruments whose impedance maxima 
are t y p i c a l ly  30 Mo.
The ionophone has been used to measure the acous t ic  Impedance 
of f l u t e s ,  but the data presented  are unca l ib ra ted  [20]. Dekan [21]
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has used the ionophone to  measure the resonance frequencies of  brass 
ins t ruments .
2 .5 .5  Varia tion of Wogram
Wogram [16] has shown how the method of  Kent may be used to 
give abso lu te  da ta  fo r  acous t ic  impedance. F i r s t  the impedance (both 
modulus and phase) o f  a 55m c y l in d r ic a l  tube was measured. The 
modulus was derived in the normal way, and the phase angle between 
the control  and response microphones was measured using a phase meter 
coupled to  a char t  recorder .  Assuming the tube to be i n f i n i t e l y  long, 
a value fo r  i t s  c h a r a c t e r i s t i c  impedance may be obtained from the 
express ion pc/S.  The impedance i s  f u r t h e r  assumed to be r e a l ,  thus 
the phase angle between the control  and response microphone must be 
zero .  I f  an ins trument i s  now measured, the response s ignal  may be 
c a l i b r a t e d  using the  r e s u l t s  from the experiment on the long tube to 
give absolute  values f o r  |Z | .  S im i la r ly  a correc ted  value fo r  the 
phase angle may be obtained by sub t rac t ing  the phase angle measurement 
of  the  long tube experiment from those of the ins trument.  This method 
i s  not e n t i r e l y  s a t i s f a c t o r y  as i t  does not permit an independent, 
experimental  check on the assumptions made concerning the long tube.
2.6 Limitations  of these  methods
All the systems j u s t  described s u f f e r  from a number of 
l i m i t a t i o n s .  F i r s t l y ,  the technique discourages absolu te  c a l i b r a t i o n ,  
s ince the volume ve loc i ty  s ignal  i s  derived i n d i r e c t l y .  Although 
Kent had s t a r t e d  to develop the  basic  method in 1945, i t  was not un t i l
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1974 t h a t  c a l i b ra t e d  data from Backus [17] f i r s t  appeared.  Secondly, 
the plane of measurement Is poorly def ined , making i t  impossible to 
compare the r e s u l t s  o f  d i f f e r e n t  exper imenters .  Th i rd ly ,  the e f f e c t  
of  a i r f low through the ins trument is  t o t a l l y  neg lec ted ,  al though th i s  
has been shown to  be s i g n i f i c a n t  [14]. Four th ly ,  e x t ra c t in g  phase 
information cannot be accomplished d i r e c t l y .  F ina l ly  i t  i s  not 
poss ib le  to  c o l l e c t  pressure  and ve loc i ty  data when the instrument 
i s  blown by a p layer .  All these  l im i t a t i o n s  can be overcome i f  the 
ve loc i ty  i s  measured d i r e c t l y .
2.7 The impedance tube method
Before leaving the top ic  of  e a r l i e r  impedance measurements 
i t  should be noted th a t  Backus and Hundley [22] have used the impedance 
tube method to measure the real  and imaginary p a r t s  o f  the impedance 
o f  a trumpet,  al though th i s  method i s  genera l ly  employed fo r  determin­
ing the acous tic  impedance of absorbing m a te r ia l s .  The method y ie ld s  
c a l i b ra t e d  data fo r  the acous t ic  impedance, but i t  i s  very laborious 
to  perform, e sp e c ia l l y  i f  a re so lu t ion  of  le s s  than 1 Hz. i s  required.  
This method i s  the re fo re  not s u i t a b l e  where comparisons between many 
instruments are to be made.
2 .8  The measurement o f  ve loc i ty
From the study of impedance measurement systems given above, 
the d e s i r a b i l i t y  of measuring ve lo c i ty  d i r e c t ly  i s  apparent.  Three 
anemometry systems were considered;
(a) Ion isa t ion  anemometry
(b) Laser-doppler anemometry
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(c) Hot-wire anemometry
An io n is a t io n  anemometer comprises an a p a r t i c l e  em i t t e r  and 
de tec to r .  These are placed on opposi te  sides of a duct and the number 
of  a p a r t i c l e s  de tec ted  i s  a function of the flow v e lo c i ty .  The 
l a se r -dopp le r  system a lso  has an emmiter and d e te c to r ,  but in t h i s  
case a ve loc i ty  s ignal  i s  derived from the doppler s h i f t  of l i g h t  from 
a l a s e r  source as i t  i s  s ca t t e r e d  from minute dust  p a r t i c l e s  in the 
medium. Neither  of these  systems was e n t i r e l y  appropr ia te  fo r  th i s  
s tudy. The io n i s a t io n  system was not ava i lab le  commercially,  and 
involved the use of  ra d io -a c t iv e  m a te r ia l s .  The l a se r -dopp le r  was 
too expensive and would requ ire  the  construction  of  t ran sp a ren t  mouth­
p ieces .  The hot-wire anemometer i s  a comparatively cheap and read i ly  
a v a i l ab le  device.  I t s  small physical  s ize  and good s e n s i t i v i t y  make 
i t  ideal  fo r  the measurement o f  v e lo c i ty  in s ide  brass ins truments .
2.8.1 The hot-wire anemometer
The system purchased fo r  t h i s  study i s  a DISA Constant 
Temperature Anemometer (CTA), type 55D05. The t ransducer  is  a 5mm 
diameter tungsten wire 1.25mm long, suspended between two prongs 
a ttached  to the body o f  the probe. The probe has a r e s i s t a n c e  of 
about 3.5 a t  18^0., r i s i n g  to about 7 0 a t  250°C. The probe is  
placed in one leg of a s e l f -b a lan c in g  Wheatstone br idge .  Thus by 
a l t e r i n g  the re s i s ta n c e  o f  the appropr ia te  leg ,  the probe may be s e t  
a t  an e leva ted  temperature .  I f  the probe i s  i n s e r t ed  in  a moving 
stream of  f l u i d  i t  i s  cooled,  and a feedback curren t  i s  c reated which 
r e s to re s  i t  to  the equ i l ib r ium temperature.  This feedback curren t  i s  
r e l a t e d  to  the f l u i d  flow by the express ion:
2 - 1 0
= c  + mwP 
where I i s  the feedback cu r ren t ,  
w i s  the f l u i d  ve lo c i ty .
C, m, p are constants
Cal ib ra t ion  and opera t ion  procedures are described l a t e r  in 
t h i s  chapte r .
2.9 The measurement of  pressure  in confined spaces
I t  i s  necessary to  measure acous t ic  p re s su re ,  in addit ion  to 
p a r t i c l e  v e lo c i ty ,  in order  to  c a lc u la t e  acous t ic  impedance. Since 
the mouthpiece t h r o a t  has been se le c ted  as the primary reference  
plane ,  very small transducers  are c l e a r ly  required . The hot-wire 
probes are made small so t h a t  they have small thermal i n e r t i a ,  but a 
conventional microphone i s  too la rge to be used d i r e c t l y .  For measure- 
ing pressure  in confined spaces ,  the Probe Microphone was introduced.
I t  comprises a conventional condenser microphone coupled to  a
II
cy l in d r i c a l  "probe tube" .  Bruel and Kjaer manufacture a probe k i t  
fo r  t h e i r  J inch microphones and include a range of probe diameters 
from 1mm to 4mm. The add i t ion  o f  t h i s  probe tubing in troduces  
resonance frequencies r e l a t e d  to  i t s  leng th ,  but the e f f e c t  of  these 
resonances may be diminished by i n s e r t i n g  loosely packed wire-wool 
in to  the probe.  The device requ ires  frequent c a l i b r a t i o n  over the 
e n t i r e  frequency range o f  i n t e r e s t  s ince  the wire-wool i s  e a s i l y  
dislodged. More s e r io u s ly ,  the c a l i b r a t i o n  varies  with SPL, due to 
boundary layer  lo s ses .
II
Recently,  Bruel and Kjaer have int roduced a horn-coupled 
probe microphone (type 4170). The probe sec t ion  i s  made up of
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concen tr ic  c y l in d r ic a l  sec t ions  which reduce the r ipp le  in the 
frequency response to  le ss  than 4dB. More im por tan t ly ,  the ch a rac te r ­
i s t i c s  of  t h i s  microphone do not vary with the SPL. The f i n a l  sec t ion  
i s  1.25mm in diameter and has a probe o r i f i c e  impedance g r e a t e r  than 
400 Mo, and the d i s t o r t i o n  i s  less  than 1% below 170 dB. One of  the
f i r s t  o f  these  instruments to  a r r iv e  in England was purchased, and
has been found to  be ideal fo r  t h i s  app l ica t io n .
2.10 Early experiments conducted by the author
2.10.1 Mark 1 System (v a r i a t io n  of  P r a t t )
The f i r s t  at tempt a t  measuring acous t ic  impedance conducted 
by the author was based on the method of Kent. In t h i s  system the 
ve loc i ty  s ignal from the hot-wire  anemometer was used in the feedback 
c i r c u i t ,  thus producing a constan t  volume ve loc i ty  d r ive ,  A mouth­
piece  was modified to accept the probe microphone and the hot-wire  
probe (see Figures 5 & 6 ) .  The ins trument under t e s t  was driven by 
a 3 watt  mechanical v ib r a to r  a t tached  to a rubber diaphragm s t re tched  
over the  mouthpiece rim, a f t e r  the  method of Carmichael (see Figure 7).
The absence of  a steady a i r f low  through the ins trument r e su l ted  
in  the  r e c t i f i c a t i o n  of the  hot-wire s i g n a l ,  s ince  the device can only 
r e g i s t e r  the ne t  cooling.  By keeping th i s  r e c t i f i e d  s ignal  constant
while sweeping over the  frequency range of  i n t e r e s t ,  the output  of
the  probe microphone becomes propor t ional  to |Z | ,  Coupled analogue
IIdevices were used to  conduct t h i s  experiment (Bruel and Kjaer Beat 
Frequency o s c i l l a t o r ,  type 1022, and a Level Recorder,  type 2305), and 
a specimen t race  i s  shown in Figure 8, The dr iv ing system was l a t e r
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modified to  allow a steady a i r  flow to be int roduced via  a 4mm 
diameter tube in se r ted  in a 10mm th ick  Paxolin washer which was 
placed between the mouthpiece rim and the rubber diaphragm. The 
proximity of t h i s  a i r  i n l e t  r e su l ted  in a very tu rb u len t  ve loc i ty  
s ig n a l ,  and t h i s  e x c i t a t io n  method was consequently abandoned.
2 .10.2 The Mark 2 System
Before discuss ing the Mark 2 experimental system, the 
computing equipment w i l l  be described. I t  comprises a Data General 
Nova 2 minicomputer, equiped with 2.5 M.byte moving head d i sk ,  a 
150 K. byte floppy d i sk ,  a visual display un i t  (VDU), a l i n e p r i n t e r ,  
and two channel analogue to d ig i t a l  (A/D) and d i g i t a l  to analogue 
(D/A) conver te rs .  The A/D conver ter  has a reso lu t ion  of 14 b i t s ,  
and when used in conjunction with a mul t ip lexer  and p a ra l l e l  
sample and hold c i r c u i t s  can d i g i t i s e  two channels o f  analogue 
data a t  a r a t e  of 25000 samples /s /channe l . The two D/A converters 
have the same conversion ra te  but with 15 b i t  r e so lu t io n .
The Mark 2 experimental  system was con t ro l led  by the 
computer, which a lso  co l le c ted  and analysed the data .  This ar range­
ment i s  very close to the  f in a l  (Mark 3) vers ion ,  which i s  discussed 
in Section 2 .12,  and so only the block diagram i s  given (see Figure 9).  
From t h i s  diagram i t  may be seen t h a t  the s ignal from the pressure  
and ve loc i ty  transducers  are both fed to  R.M.S. meters ,  and thus the 
computer samples a d .c .  voltage proportional  to the  R.M.S. value of 
the a . c .  s ig n a l .  Since an apparatus to c a l i b r a t e  the hot-wire 
anemometer had not y e t  been devised,  the method did not provide
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absolute  values fo r  | Z | ,  nor was i t  capable o f  providing any phase 
information.
I t  wi l l  be shown in the following Section how a more f l e x ib le  
approach to  the ana lys is  problem i s  poss ib le  i f  the pressure  and 
ve loc i ty  waveforms are sampled d i r e c t l y .  Accordingly,  fo r  the Mark 3 
ve rs ion ,  the R.M.S. meters were removed.
2 .10.3  A new approach
A brass inst rument may be charac te r i sed  by the 2-po r t  network 
shown in Figure 10. The system has a t r a n s f e r  function (P^/P^) and 
input impedance (P\/U^).  Note t h a t  a brass ins trument only becomes 
non- l inea r  when coupled to  a p l a y e r ' s  l i p s .  I f  the pressure  and 
v e lo c i ty  waveforms can be sampled d i r e c t l y  and s imul taneously ,  then 
the input impedance may be measured by applying one of  several  
e x c i t a t io n  functions  U . ( f ) ,  and measuring P^ (f ) .  Four poss ib le  
e x c i t a t io n  functions are :
(a) a step func t ion ;
(b) an impulse func t ion ;
(c) random noise ;
(d) s ine wave.
Since the impedance measurement systems devised h i th e r to  are 
unable to  measure the v e lo c i ty  d i r e c t l y ,  they may use only the sine 
wave e x c i t a t io n  method. Absolute values fo r  |Z| may only be obtained 
i f  the  re s i s tan ce  of the c a p i l l a r y  i s  known, or the r e s u l t s  fo r  an 
ins trument compared with those fo r  a long, s t r a i g h t ,  c y l in d r ic a l  tube.
An o r ig ina l  apparatus using s ine  wave e x c i t a t io n  has been 
developed by the au thor ,  but i t  may also  be extended to use any of
2 - 1 4
t h e  above e x c i t a t i o n  f u n c t i o n s .
2.11 The Mark 3 ( f i n a l )  system
The f in a l  experimental procedures used to  determine the 
acous t ic  impedance of  a trombone wil l  now be described.  A diagram 
of the  system is  shown in Figure 9, and a photograph of the  complete 
appara tus ,  including the  computer i s  shown in Figure 11. A flowchart  
of the program (FRUN) used to  run the experiment i s  shown in Figure 
12. The mechanical v ib ra to r  has now been replaced by a 200 watt 
loudspeaker which i s  housed in a Im cube const ructed from |  inch 
chipboard.  A brass funnel connects the loudspeaker to  a 0.65m tube,  
a lso  constructed from b ra s s .  The a i r  i n l e t  fo r  the d .c .  a i r  flow, 
required to  avoid r e c t i f i c a t i o n  of the  hot-wire  s i g n a l ,  i s  s i t u a te d  
a t  the loudspeaker end of  t h i s  tube ,  the o the r  end of which is  care ­
f u l l y  machined to  f i t  the  mouthpiece of the ins trument under t e s t .
The program i n i t i a l l y  requests  the  c a l ib ra t io n  constants  fo r  the 
hot-wire probe.  The c a l i b r a t i o n  of both the hot-wire  anemometer and 
probe microphone is  described in the next Section.  The c ro ss - sec t io n a l  
area of the mouthpiece t h r o a t  i s  a lso  entered  ( typ ica l  diameters f a l l  
in the range 5.80 to 7.35mm). The computer then s e t s  the i n i t i a l  
frequency (TO Hz.) on a programmable frequency o s c i l l a t o r  (P.F.O).
The o s c i l l a t o r  used i s  an Adret Codasyn 201, whose frequency may be 
se lec ted  by a Binary Coded Decimal (BCD) input .  The s ine  wave output 
from the o s c i l l a t o r  i s  ampl if ied (Quad 50) and then fed to the loud­
speaker which in turn  drives  the instrument under t e s t .  Although th i s  
system does not require  a constan t volume ve loc i ty  source s ince  the 
v e lo c i ty  signal i s  measured, in p ra c t i c e  some degree of control  i s
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used to ensure t h a t  the s ignal from the hot-wire anemometer is  
adequate a t  a l l  t imes.  An automatic level control  (ALC), shown in 
Figure 13, provides a smooth e r r o r  s ignal which i s  fed to  the amplitude 
modulation (a.m) input of the P.F.O. The R.M.S. value o f  the  ve loc i ty  
waveform i s  thus kept to  with in  15% of any s e t  value.  The A/D converters 
are  then in s t ru c te d  to acquire  simultaneously 1 cycle of both the 
pressure  and the v e lo c i ty  waveforms. Using the c a l i b r a t i o n  constants 
fo r  the hot-wire  probe,  the p a r t i c l e  ve loc i ty  may be ca lcu la ted .  This 
i s  transformed in to  the volume ve loc i ty  by mult ip ly ing the p a r t i c l e  
v e loc i ty  by the " e f fe c t iv e"  c ro s s - s e c t io n a l  area of the mouthpiece 
th r o a t .  The area is  e f f e c t i v e l y  reduced owing to  boundary layer  lo s ses .  
Since a brass  ins trument puts an unusual load on a conventional loud­
speaker,  a c e r t a in  amount o f  d i s t o r t i o n  appears in both the pressure  
and the ve loc i ty  waveforms near  the  frequencies of maximum impedance.
This i s  f i l t e r e d  out d i g i t a l l y  by expanding the sampled waveform as a 
Four ier  Series  and e x t r a c t in g  only the fundamental . In addit ion a 
phase value f o r  the  fundamental component may also  be ex t rac ted .  The
IIprobe microphone i s  coupled to  a power supply (Bruel and Kjaer type
II2801) and an impulse p rec is ion  sound level meter (Bruel and Kjaer 
type 2204) provides add i t iona l  am p l i f i c a t ion .  This arrangement has a 
combined s e n s i t i v i t y  o f  approximately 120 P a /vo l t  and the pressure  
signal  may be converted to  P asca ls ,  and then to dB. The pressure  i s  
then correc ted  using the data suppl ied by the National Gas Turbine 
Establishment,  and the R.M.S. value ca lcu la ted .  By sub t rac t ing  the 
v e lo c i ty  phase value from the pressure  phase value (both values having 
been obtained from the  Four ie r  Series  ana lys is )  the phase of  ve loc i ty  
with respec t  to p ressure  may be obta ined.  This value i s  corrected  by
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taking the  phase response of the  probe microphone in to  account. The 
f u l l y  c a l i b ra t e d  values f o r  the p re ssu re ,  volume v e lo c i ty ,  |Z| and (|> 
are  displayed on the  VDU and held in a temporary s to r e .  The process 
o f  sampling the waveforms and computing these  values i s  repeated 
eleven t imes,  and the twelve r e s u l t s  are averaged to improve the 
accuracy of  the f in a l  r e s u l t ,  which i s  s tored  in a disk f i l e .  The 
frequency i s  incremented by 1 Hz. and the process i s  repeated u n t i l  
the upper frequency l i m i t  of  768 Hz. i s  reached. From the r e s u l t s  
obtained from the Mark 1 system (see Figure 8 ) ,  i t  may be seen t h a t  
the c u t - o f f  frequency of the  horn i s  approximately 800 Hz. The upper 
l im i t  of 768 Hz. was chosen fo r  p r a c t i c a l  convenience since  the data 
i s  s to red  on disk in "blocks" containing  128 va lues .  Thus the r e s u l t s  
fo r  the p ressu re ,  volume v e lo c i ty ,  |Z| and can be accommodated in 
24 blocks.
The r e s u l t s  fo r  a typ ica l  ins trument (a Boosey and Hawkes 
proto type)  are  shown in Figure 14. The s ix  cha rac te r  l a b e l l in g  system 
i s  described in Appendix A.
2.12 C a l ib ra t ion  Procedures
Having described the opera tion of  the experimental  appara tus ,  
the c a l i b ra t io n  procedures fo r  both the probe microphone and the ho t ­
wire probe w i l l  be desc r ibed ,  s ince the accuracy of  the measurements 
i s  n a tu ra l ly  dependent on re l iab le :  c a l i b ra t io n  curves,  and the use of 
hot-wire  anemometry i s  not widespread in musical acous t ic  measurements.
2.12.1 Cal ib ra t ion  of the probe microphone
A c a l i b r a t i o n  curve f o r  the  probe microphone i s  supplied by
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the manufacturers ,  but does not include the phase response.  However 
a f a c i l i t y  e x i s t s  a t  the National Gas Turbine Establishment fo r  
c a l i b r a t i n g  probe microphones,  and with t h e i r  generous help and 
co -opera t ion ,  the microphone used in the present  work has been c a l i b r ­
a ted  a t  th ree  overa l l  sound pressure  l e v e l s ;  120, 140 and 150 dB.
The r e s u l t s  show th a t  i t s  c h a r a c t e r i s t i c s  do not change appreciably 
with leve l .  The probe microphone under t e s t  and a q u a r t e r  inchII
Bruel and Kjaer condenser microphone (type 4135) are placed in a 
uniform sound f i e l d  and exc i ted  by broad band noise .  The s ignals  
from each device are  compared, and the d i f fe rence  between them expressed 
as a correc t ion  in both amplitude (expressed in dB) and phase (expressed 
in degrees) .  The system was used to  provide a c a l i b r a t i o n  curve to 
cover the range 10 Hz. to  5 KHz., with a r e so lu t ion  o f  10 Hz.
2 .12.2 Cal ib ra t ion  o f  the Hot-wire Anemometer
Although the behaviour of  a hot-wire  probe i s  understood 
t h e o r e t i c a l l y , in p ra c t ic e  each indiv idual probe i s  always c a l i b ra t ed  
before use aga ins t  a standard  re fe rence ,  such as a pi t o t  tube.  Since 
the c h a r a c t e r i s t i c s  of hot-wire probes may be severe ly  e f fec ted  by 
environmental contamination,  i t  follows th a t  any c a l i b r a t i o n  procedure 
should i d e a l ly  be quick as well as accura te .  Commercial c a l i b ra t io n  
un i t s  are a v a i l a b le ,  but can cost  s u b s t a n t i a l l y  more than the 
anemometry system i t s e l f .  For t h i s  reason the author decided to
c rea te  a simple inexpensive and y e t  accura te  low ve loc i ty  c a l i b r a t i o n  
system to cover the range 1 m . s . ”  ^ to  16 m . s . " \
The hear t  of  the  system i s  a Regulated Air Supply (R.A.S.)
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which i s  used as a ve loc i ty  reference  (see Figure 15),  ins tead  of  a 
commercial un i t  or  continual reference  to  an absolute  device .  The 
R.A.S. comprises th ree  basic  s tag es ;  f i l t r a t i o n ,  regu la t ion  and control  
Two f i l t e r s  (Dominic Hunter Ltd. types PF375 and B2A) to g e th e r  remove 
a l l  p a r t i c l e s  down to  a s iz e  o f  0.01 ym in diameter.  This precaution 
i s  taken to  avoid damage to  the 5 ym probes.  The compressed a i r  a t  
a l i n e  pressure  o f  800 KPa i s  then reduced using a pressure  re lease  
valve (Pressure Control L td . ,  type 1501/2/RS) to 600 KPa. The purpose 
of  t h i s  valve is  to  e l im ina te  the va r ia t io n  in l in e  pressure  introduced 
by the  compressor. A pressure  r e g u la to r  (Air Products type 34-1202) 
f u r t h e r  reduces the pressure  to  270 KPa. By increas ing  or  decreasing 
t h i s  value the ve lo c i ty  range of the  c a l i b ra t io n  system may be ra ised  
o r  lowered. F ina l ly  an 18-turn needle valve (Edwards Ltd,  type LB2B) 
allows a very p rec i se  a i r f low  s e t t i n g  to  be made. The source of 
compressed a i r  i s  provided by an e l e c t r i c  compressor (Sperry L td . ,  
type SM/TV7/A1) which has a maximum l in e  pressure  of  1 MPa, and a 
flow ra te  of 3 x 10”V s**^ ,
Before the R.A.S. may be used as the ve loc i ty  reference  fo r  
c a l i b r a t i n g  the hot-wire  probes,  i t  must be ca l ib ra ted  aga ins t  a 
device capable of  measuring v e lo c i ty  abso lu te ly .  In t h i s  in s tance  
a pi t o t  tube i s  used. The R.A.S. i s  fed to  one end of  a smal l ,  
c i r c u l a r  brass  wind tunnel 75mm in diameter and 0.65m in length .
Two gauzes are placed a t  0.25m from both ends to  smooth the flow.
At the o ther  end o f  the wind tunnel a trombone mouthpiece i s  used 
to form the f in a l  nozzle sec t io n .  During the c a l ib r a t i o n  o f  the 
R.A.S. the pi t o t  tube i s  placed a t  the exact poin t  where the hot-wire 
probe res ides  during the impedance measurements. This po in t  i s  a t
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the middle of the mouthpiece t h r o a t ,  where the c ros s -sec t iona l  area 
of  the  mouthpiece Is a minimum. The d i f f e r e n t i a l  pressure  between the 
pi t o t  tube pos i t ioned  a x i a l l y  in l ine  with the a i r f low a t  the t h r o a t ,  
and a pressure  normal to  the flow a t  t h a t  plane i s  measured with an 
inc l ined  tube t i l t i n g  micromanometer (Combustion Instruments ,  no type 
number) with a re so lu t ion  of 0.01mm of water.  The wind tunne l ,p i  t o t  
tube and micromanometer are  shown in Figure 16. A close  up of the 
mouthpiece and pi t o t  tube i s  shown in Figure 17.
The d i f f e r e n t i a l  p re s su re ,  AP, measured by a pi t o t  tube in a 
stream of  f l u i d  moving with a v e lo c i ty  of w m .s . ”  ^ and density  p is  
given by:
At each of  the 18 tu rns  of  the needle valve the pressure  is  
recorded,  and hence the v e lo c i ty  may be ca lcu la ted .  For a i r  a t  21°C 
and 760mm of  Hg., the ve loc i ty  i s  r e l a t e d  to  the height of  a column 
o f  water by the expression:
w = 4.03/h
A p lo t  of the  needle valve s e t t i n g  (N.V.S.) agains t  ve loc i ty  
i s  shown in Figure 18. The c a l i b r a t i o n  of  the R.A.S. i s  checked 
re g u la r ly ,  and the r e p e a t a b i l i t y  has been found to  be e x ce l le n t .  
Changes in v e loc i ty  f o r  a given N.V.S. were t y p i c a l ly  ±1% over a 
two year  pe riod.  These r e s u l t s  demonstrate the s u i t a b i l i t y  of the 
R.A.S. as a ve lo c i ty  re fe rence .  An addi t iona l  f e a tu re  of  the R.A.S.
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i s  the  l i n e a r i t y  of ve lo c i ty  with respec t  to the N.V.S.,  although such 
l i n e a r i t y  i s  not a necessary requirement of any re ference .
Af te r  the R.A.S. has been c a l i b r a t e d ,  the p i t o t  tube i s  removed 
and a hot-wire  probe in se r ted  in i t s  p lace .  The anemometry system is  
now ready to  be c a l i b r a t e d .  For each N.V.S. the anemometer voltage i s  
recorded, and s ince  the ve lo c i ty  a t  each N.V.S. i s  known, the data 
may be f i t t e d  to an equation of  the  form [23]:
}
w = A + BV^
where V i s  the output voltage from the hot-wire anemometer 
w i s  the a i r  ve loc i ty  
A, B and p are constants
The o r ig ina l  th e o r e t i c a l  work of King [24] ind ica ted  th a t  
p = &, but in p rac t ice  the optimum value fo r  p depends on many fac to rs  
and may be considerably d i f f e r e n t .  The value fo r  p i s  optimised during 
c a l i b r a t i o n ,  and i s  found to l i e  in the range 0.35 < p < 0.45.  Hard­
ware l i n e a r i s e r s  may be used to  a s s i s t  the c a l i b ra t io n  procedure,  but 
they are unnecessary in t h i s  case s ince  the computer may be used to 
l i n e a r i s e  the ve loc i ty  s ig n a l .  This i s  done by feeding the ve loc i ty  
s ignal to  one channel of the A/D conver te r s ,  and running a program 
(FKAL), which takes 1,000 samples and averages fo r  each turn of the  
needle valve.  Since the v e lo c i ty  c h a r a c t e r i s t i c s  of the needle valve 
are known, the constants  A and B may be computed fo r  a given value of  
p. p i s  i n i t i a l l y  taken as 0.35 and i s  incremented in steps o f  0.01 
u n t i l  the e r r o r  of  f i t  in the above equation i s  a t  a minimum. The 
corresponding value of A, B and p are then recorded fo r  subsequent use.
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2 .1 3  E f f e c t  o f  t h e  n o n - u n i f o r m  v e l o c i t y  p r o f i l e
The ex is tence  of a non-uniform ve loc i ty  p r o f i l e  over the  plane 
of measurement must be taken in to  considera t ion  when ca lcu la t in g  the 
volume ve lo c i ty .  I t  i s  not s u f f i c i e n t  the re fo re  to  mult ip ly  the on- 
axis p a r t i c l e  ve lo c i ty  by the cross».sectional a rea .  I t  may be shown 
t h a t ,  f o r  a . c .  s i g n a l s ,  viscous re s i s ta n c e  losses  r e s u l t  in a laminar 
motion throughout the c ro s s - s ec t io n  of the pipe with the ve loc i ty  
increas ing  rap id ly  from zero a t  the walls to near ly  i t s  maximum value 
a t  a d is tance  given by [8]:
<5 = ( 2 n / p w ) 2
where n = v i s c o s i ty  
p = densi ty  
w = angular frequency
For a i r  the  boundary laye r  i s  approximately 1mm a t  10 Hz., 
f a l l i n g  to 0.1mm a t  1000 Hz.
The small physical  s iz e  of the  hot-wire probes makes them 
ideal  fo r  experimental measurements of boundary layer  th ickness ,  s ince  
the probe may be t rave rsed  across a given sec t io n .  From such e x p e r i ­
ments conducted in the mouthpiece th ro a t  i t  was poss ib le  to v e r i fy  ' 
t h a t  the ve loc i ty  reached approximately 90% of  i t s  maximum value a t  
the d is tance  6 ca lcu la ted  from the equation above, over the frequency 
range 10-800 Hz. Prec ise  measurements within the boundary layer  
proved d i f f i c u l t ,  due to the curvature  of the mouthpiece th ro a t  sec t ion
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and the small d i s c o n t in u i t i e s  introduced by the paxolin washer which 
loca tes  the probes.  Despite these  l im i t a t i o n s  i t  was found t h a t  the 
ve loc i ty  decreased rap id ly  as the probe approached the wal l .  The 
e f f e c t i v e  c ros s -sec t iona l  a r e a .  S ' ,  was ca lcu la ted  from the expression
S' = 2w(r-a/2)Z
where r  = rad ius of the  mouthpiece th ro a t
This has the e f f e c t  of r a i s in g  the f i r s t  impedance maximum 
(=40 Hz.) by about 10%, and the twel th maximum (=740 Hz.) by about 2%. 
An example .of a t r a v e r s e  i s  shown in Figure 19.
2.14 Measurement accuracy
Errors introduced during the measurement of impedance may be 
separa ted  in to  two groups,  c a l i b r a t i o n  e r ro r s  and system e r r o r s .
2.14.1 Ca l ib ra t ion  e r ro r s
The c a l i b r a t i o n  e r ro r s  fo r  the probe microphone suppl ied by 
the National Gas Turbine Establishment have an amplitude e r r o r  of 
±0.5 dB and a phase e r r o r  of  ±2%. The probe microphone was c a l i b ra t e d  
with a pistonphone before each run,  with a maximum e r r o r  of 0.1 dB.
The t i l t i n g  micromanometer has a typ ica l  e r r o r  of 0.25%, and the 
r e p e a t a b i l i t y  when t e s t i n g  the R.A.S. was t y p i c a l l y  ±1% over a period 
of  near ly  two year s .
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2.14 .2  System e r ro r s
Thé r e p e a t a b i l i t y  fo r  |Z| i s  t y p i c a l ly  ±2% and f o r  <}> i s  ±1%, 
although thèse  f igu res  would be improved i f  a frequency s tep  of  0.1 Hz. 
were used,  s ince the Q's of  the resonances are very high. The pos i t ions  
o f  the impedance maxima very ra r e ly  moved by more than 0.5% on success­
ive t r i a l s .  The temperature o f  the room was held a t  21°C +1°C.
2.15 Comparison with theory
A th e o r e t i c a l  i n v e s t ig a t io n  of  the  acous t ic  impedance of ducts 
has been ca r r ied  out by severa l  au thors ,  and t h e i r  work i s  reviewed by 
E l l i o t  [25]. In t h i s  paper he shows t h a t  the input  impedance of a 
cy l in d r ica l  tube is  given by:
= Z  ^ X (aZ + j taneZ ' ) / ( l+ jaZ tan3Z ' )
where a = the a t tenua t ion  c o e f f i c i e n t  
3 = the wave number 
t  = the actua l  length 
t '  = t  + the  end co rrec t ion
Impedance maxima occur fo r  frequencies a t  which = (n+|)7r 
where |Z| = Z^/oZ and = 0.
S im ilar ly  impedance minima occur fo r  frequencies a t  which 
3Z' = nir where |Z| = Z^ x aZ and  ^ = 0.
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The t u r n i n g  p o i n t s  o f  t h e  phase  o f  t h e  i n p u t  im p ed ance  o c c u r
when:
3Z' = (n + i)TT o r  (n + Dir
so <j> = ±tan"^ 2^  and |Z| =
A s t r a i g h t  tube of length 1.42m and in te rna l  radius  5.45mm 
was measured using the appara tus ,  and these  r e s u l t s  are  in reasonable 
agreement with the  p red ic ted  values (see Figures 20-22).  I t  will  be 
noted t h a t  the experimental  values f o r  the impedance (both modulus and 
phase) are  s l i g h t l y  g r e a t e r  than the predic ted  values a t  higher frequ­
enc ies .  I t  should be remembered th a t  the tube i s  connected to  the 
apparatus via  a mouthpiece, and the impedance o f  the mouthpiece back­
bone (which may be shown to  be in d u c t iv e ,  see Figure 23) i s  a lso  
included in the measurement.
All the impedance measurement systems described h i t h e r to  have 
used a high impedance acous t ic  source,  but th i s  condi tion is  not 
mandatory. Although the  absolu te  values fo r  the pressure  and volume 
ve loc i ty  w il l  be a f fec ted  by the source impedance, t h e i r  r a t i o  depends 
only on the load impedance.
To confirm th i s  r e s u l t  exper imentally ,  the c ros s -sec t iona l  
area o f  the brass tube connecting the loudspeaker to  the  instrument 
under t e s t  was reduced by 94% by in s e r t in g  a t i g h t l y  f i t t i n g  aluminium 
plug, and a se lec ted  ins trument was then re-measured. From the r e s u l t s  
shown in Figure 24, i t  may be seen t h a t  such a reduction has l i t t l e
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e f f e c t  on t h e  im p e d a n ce  m e a s u re m e n ts .
2.16 Summary
In th i s  Chapter the  concept of acous t ic  impedance has been 
in troduced and defined.  The d i s t i n c t i o n  between Resonance and Impedance 
measurement systems was drawn, and experiments conducted using the 
former technique were b r i e f l y  reviewed. I t  was noted t h a t  impedance 
measurements have the advantage of  being independant o f  the  room a c o u s t i c s ,  
and have consequently replaced the Resonance method.
The impedance systems of  severa l  workers were then reviewed, and 
t h e i r  l im i t a t i o n s  desc r ibed .  All the  systems were found to  be v a r ian ts  
of  a method o r i g i n a l l y  devised by Kent and fellow workers a t  Conn Co.
Early experiments c a r r i e d  out  by the author using a hot-wire 
anemometer to  measure p a r t i c l e  v e lo c i ty  d i r e c t l y  were descr ibed .  The 
f in a l  Impedance system was then d iscussed  in d e t a i l ,  inc luding  sec t ions  
r e l a t i n g  to  t ransducer  c a l i b r a t i o n  and measurement accuracy.
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CHAPTER 3 THE SUBJECTIVE ASSESSMENT OF TROMBONE QUALITY
3.1 In t roduct ion
From the review of  a co u s t ic  impedance measurement systems given 
in the l a s t  Chapter ,  i t  may be seen t h a t  severa l  workers have attempted 
to  develop an ob jec t iv e  assessment technique f o r  brass  ins truments 
based on an in s t ru m en t ' s  inpu t  impedance. Unfortunate ly  the equally  
important ta sk  of  developing s u b jec t iv e  assessment techniques  has 
received v i r t u a l l y  no a t t e n t i o n  in  comparison, and consequently the 
v a r i a t io n s  between the  impedance curves o f  inst ruments  o f  d i f f e r e n t  
q u a l i t y  remain t o t a l l y  unexplained. In t h i s  Chapter two su b jec t ive  
assessment procedures are de sc r ibed ,  and some previous s tu d ie s  concern­
ing the assessment o f  t imbre are  reviewed. F in a l ly ,  some experiments 
designed to  i n v e s t ig a t e  brass  ins trument  q u a l i t y  are  descr ibed .  These 
experiments enable sub jec t s  to  quan t i fy  the t im bre,  and a lso  the  " fee l"  
o r  "responsiveness"  o f  a range of  trombones.
3.2 Test  environment
Since the su b jec t iv e  c h a r a c t e r i s t i c s  of  an inst rument w i l l  
vary according to  the na ture  of  the  acous t ic  environment in which i t  
i s  played,  i t  i s  c l e a r l y  d e s i r a b le  f o r  a l l  the experiments to be 
conducted in the  same room. The acous t ic s  l abora to ry  of the Physics 
Department was used, s ince  i t  well damped, and i t  i s  a l so  reasonably 
well i n su la ted  from ex te rna l  no ise .  The dimensions of the  room are  
6m X 6m X 2.75m, and the reve rbera t ion  time i s  approximately 0.4s a t  
mid-frequencies .
3-1
3.3 Quantifying s u b jec t iv e  c h a r a c t e r i s t i c s
Timbre, unlike  p i tch  o r  loudness ,  i s  a multidimensional 
q u a n t i t y ,  and th e re  i s  no s in g le  s ca le  t h a t  may be used to  descr ibe  
i t  completely [26].  Therefore a measurement system r e f l e c t i n g  the 
multidimensional na ture  of  t imbre must be used. Two methods which 
f u l f i l  t h i s  condit ion a re :
(a) Multidimensional Scal ing
(b) Semantic D i f f e r e n t i a l  Scaling
An o u t l i n e  o f  these  procedures i s  given in Figure 25.
3.4 Multidimensional Scal ing (MDS)
3.4 .1  MDS - data  c o l l e c t io n
MDS has been applied  s u cc e ss fu l ly  to a v a r i e ty  o f  psycho- 
aco us t ica l  problems inc luding  the  e f f e c t  of phase on t imbre [26] 
and the  su b jec t ive  assessment o f  concert  ha ll  acous t ic s  [27]. Using 
t h i s  technique sub jec t s  a re  asked to  r a t e  the  s i m i l a r i t y  between 
s t i m u l i ,  and t h i s  may be accomplished using d iad ic  or  t r i a d i c  compar­
isons .  A d iad ic  comparison requ i re s  the  su b jec t  to  ass ign a numerical 
value to  the  degree of s i m i l a r i t y  observed between a p a i r  of  s t im u l i .  
A l t e r n a t iv e ly ,  in t r i a d i c  comparisons,  the sub jec t  i s  presen ted with 
th re e  s t i m u l i ,  and requested  to s e l e c t  the  most s im i l a r  and most 
d i s s i m i l a r  p a i r .
3 .4 .2  MDS - data reduction
The r e s u l t s  from e i t h e r  method may be reduced to  a s ing le
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data  matr ix  D(N,N) where N i s  the  t o t a l  number of s t i m u l i ,  and the 
value of the  element D ( i , j )  i s  an es t imate  of the  s i m i l a r i t y  between 
the  s t im uli  i and j  [28].  Techniques are a v a i l ab le  [29] f o r  t r a n s ­
forming t h i s  data matrix  in to  a s e t  of  co-ord ina tes  in a multidimensional 
space where the number of  dimensions needed to rep resen t  a group of 
s t im ul i  i s  minimised f o r  a given level  o f  e r r o r  or  " s t r e s s " ,  and the 
d is tance  between the  co -o rd ina te s  i s  an es t imate  of  t h e i r  s i m i l a r i t y  
(metr ic  MDS). I f  the  rank order  only of  t h i s  d is tance  i s  used,  t h i s  
corresponds to non-metric MDS. The experimenter i s  then required to  
match i n t u i t i v e l y  the  sub jec t iv e  dimensions to the  physical  c h a r a c te r ­
i s t i c s  o f  the  s t im u l i .
3.5 Semantic D i f f e r e n t i a l  Scaling (SDS)
3.5.1 SDS - data c o l l e c t i o n
SDS i s  a technique formali sed by Osgood and a number of 
co-workers,  and a d e t a i l e d  account of t h e i r  work may be found in 
re fe rence  [30]. The SD sca le  i s  e s s e n t i a l l y  a condit ion of co n t ro l led  
judgemental and r a t in g  procedures .  Subjects are presented  with "concepts" 
to  be r a t e d ,  and a s e t  of  p a i r s  of antonymous a d jec t iv e s  which l i e  a t  
each end of  a seven-poin t  Semantic Scale .  The authors  then po s tu la te  
a Semantic Space,  Euclidean and mult id imensional.  Each SD sca le  i s  a 
s t r a i g h t  l i n e  func t ion  whose mid-point passes through the o r ig in  of 
t h i s  space.  An example o f  such a s ca le  i s  given in Figure 26(a ).
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3 .5 .2  SDS - data reduc tion  (Facto r  Analysis)
The data reduction process fo r  SDS i s  most simply expressed 
as a "search fo r  synonyms". The scores fo r  each o f  the sca les  are 
c o r r e la t ed  a g a in s t  each o th e r  thus  providing an es timate  of  the  
s i m i l a r i t y  between a given p a i r  of  s c a le s .  A high c o r r e l a t i o n  means 
t h a t  sub jec ts  regard the p a i r  o f  s ca le s  as synonymous. A c o r r e l a t i o n  
matr ix  may be formed fo r  a l l  the  pa i r s  o f  s c a l e s ,  and then submitted 
to  a Facto r  Analysis which y i e l d s  a s e r i e s  o f  orthogonal f a c to r s  
which c h a r ac te r i s e  groups o f  s c a l e s .  A f a c t o r  loading fo r  each sca le  
i s  a l so  computed, and t h i s  gives an in d ic a t io n  o f  the  degree to which 
a given f a c t o r  c h a r a c te r i s e s  any s ca le .  In p ra c t i c e  a v a r i a t i o n  o f  
Factor Analysis ,  known as Component Analysis i s  almost u n iv e r sa l ly  
used ,  s ince  t h i s  procedure does not require  any assumptions concern­
ing the s t r u c t u r e  o f  the  raw data  to  be made.
3.6 Comparisons o f  MDS and SDS
The MDS and SDS methods each have t h e i r  own p a r t i c u l a r  
advantages and disadvantages .  The s u i t a b i l i t y  o f  e i t h e r  method is  
thus  dependent on the  na ture  o f  the  problem under i n v e s t ig a t i o n .  I t  
should be remembered th e re fo re  t h a t  the  following comments r e f e r  to 
the  p a r t i c u l a r  a p p l ic a t io n  o f  these  techniques to  the  su b jec t ive  
assessment o f  trombone q u a l i t y .
The advantage o f  MDS with re spec t  to  SDS i s  as fol lows:
sub jec ts  are  f reed  from the r e s t r i c t i o n s  imposed by verbal 
d e sc r ip to r s  and r a t e  only the s i m i l a r i t y  between ins truments .
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The disadvantages  o f  MDS are :
(a) aco u s t ic  s t imul i  cannot be presented s imultaneously ,  
and hence experiments can become p ro h ib i t i v e l y  long [27];
(b) the maximum number o f  su b jec t ive  dimensions t h a t  may be 
ex t rac ted  i s  l im i ted  to  one l e s s  than the number of  s t im uli  used in 
the experiment;
(c) a s trong s in g le  d i f f e r en c e  between the s t im uli  can 
reduce the r e s u l t s  to  a s in g le  dimension, thus masking weaker d i f f e r ­
ences [31];
(d) s ince  sub jec ts  are  f r e e  to form t h e i r  own sub jec t ive  
space,  i t  i s  d i f f i c u l t  to compare t h e i r  r e s u l t s .
The advantages of  SDS with respec t  to  MDS are  as fo llows:
(a) sub jec ts  can in d ic a te  prefe rence  i f  s u i t a b l e  sca les  are 
included (e .g .  Bad Intonation/Good In to n a t io n ,  Unpleasant Timbre/ 
P leasan t  Timbre) ;
(b) the  a b i l i t y  o f  sub jec ts  to  d isc r im ina te  between s t imuli  
may e a s i l y  be examined [32];
(c) s ince  a l l  sub jec ts  use the same semantic space,  by 
comparing t h e i r  r a t in g s  fo r  any given st imulus an in d ica t io n  of  the  
uniformity  with which sub jec ts  r a t e  the  s t imuli  may be obta ined.
The disadvantage o f  SDS i s :
the  success of the  experiment i s  c r i t i c a l l y  dependent on the 
choice o f  s c a l e s .  Should a re levan t  sca le  be omit ted ,  then sub jec ts
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do not have the  oppor tuni ty  to  r a t e  t h a t  a t t r i b u t e .  The inc lus ion  
o f  an i r r e l e v a n t  s ca le  w i l l  in c rease  the  time taken to  perform the 
experiment without ob ta in ing  any useful da ta .
3.7 Requirements fo r  a su b jec t iv e  ra t in g  procedure
Since the aim o f  t h i s  work i s  to derive  a sub jec t iv e  ra t ing
procedure enabling a comparative study of  trombones to  be performed, 
such a procedure must s a t i s f y  the following requirements :
(a) sub jec ts  must be able  to i n d ic a te  p re fe rence ;
(b) s t a t i s t i c a l  t e s t s  to  check the s ig n i f i c a n ce  o f  any 
p re ference  must be r e a d i ly  a v a i l a b l e ;
(c) the  experiments must be kept reasonably s h o r t ,  s ince  the 
goodwill o f  the  s tuden t  p layers  should not be e x p lo i t e d ,  and the 
se rv ices  of  p ro fess iona l  p layers  must be payed f o r .
For the  above reasons i t  was decided to employ p r in c ip a l ly  
the SDS method. However one experiment was conducted using MDS, and 
provided u s e f u l ,  co r robora t ive  da ta .
3 .8  Review of  t imbre assessment
Several s tu d ie s  using MDS or  SDS have in v e s t ig a te d  the 
su b jec t iv e  dimensions of  t im bre,  and r e l a t e d  these  dimensions to 
the  physical  composition of  the  experimental  s t im u l i .  Since timbre 
i s  i t s e l f  mult id imensional,  many of  the  experimental and a n a ly t ic a l  
procedures described in these  s tu d ie s  are  r e lev an t  to  the more general  
problem of  a ssess ing  trombone q u a l i t y .  Accordingly,  c e r t a in  s e le c te d  
papers are  reviewed below.
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3.8.1 Review of  papers using MDS
Wedin and Goude [33] used MDS to i n v e s t ig a te  the  minimum
number of  dimensions needed to  descr ibe  s a t i s f a c t o r i l y  the  t imbre of  
the following nine ins t ruments ;  f l u t e ,  bassoon, v i o l i n ,  oboe, French 
horn,  trumpet ,  trombone, c l a r i n e t  and ‘c e l l o .  For each instrument 
an experienced musician was i n s t r u c t e d  to  play the note A4 (440 Hz.) 
a t  a dynamic level corresponding approximately to  mezzo-forte ,  and 
these  notes were recorded. Subjects  were then presented  with a
s e r i e s  o f  pa i red  to n es ,  where each instrument was pa i red  with i t s e l f
and every o th e r  ins t rument ,  and the o rder  of  the  tones with in  a p a i r  
was a lso  reversed.  Subjects were asked to r a t e  the sub jec t ive
s i m i l a r i t y  o f  t imbre between the tones in each p a i r  using the method o f
dyads. A s i m i l a r i t y  matrix  was der ived and a three-dimensional 
s o lu t io n  obta ined .  These dimensions were found to  rep resen t  the  
t imbre of  the following groups o f  ins truments ;
(a) dimension 1; v i o l i n ,  ‘c e l l o ,  c l a r i n e t ;
(b) dimension 2; trombone, French horn,  f l u t e ;
(c) dimension 3; trumpet ,  oboe, bassoon;
The authors  note t h a t  the  instruments  with in  a given dimension 
may not always sound s im i l a r  when played in t h e i r  normal range. I t
should be remembered however t h a t  the  note A4 i s  a t  the extreme of  the
normal playing range fo r  some of  the ins truments ,  notably  the bassoon 
and trombone. A spec t ra l  ana lys is  was performed on the steady s t a t e  
por t ion  o f  each of  the  t o n e s ,  covering the  frequency range 0-4 KHz.
The r e s u l t i n g  nine spectrum envelopes were then submitted to a 
component a n a l y s i s ,  in o rder  to i n v e s t ig a te  the degree of correspondence
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between the physical  composition o f  the  s t im u l i ,  and the th ree  f a c to r s  
derived from the su b jec t ive  experiment.  The ana lys is  showed t h a t  
th ree  spectrum envelope p r o f i l e s  accounted fo r  95% of  the  var iance .
By examining the  f a c t o r  loadings fo r  the spec t ra  of the  inst ruments  
with respec t  to the  th ree  p r o f i l e s ,  i t  was found t h a t  the  th ree  f a c t o r  
p r o f i l e s  ch a rac te r i s ed  the following ins truments :
(a) P r o f i l e  1; ' c e l l o  and c l a r i n e t ;
(b) P r o f i l e  2; trombone, French horn and f l u t e ;
(c) P r o f i l e  3; trumpet and oboe.
These th ree  p r o f i l e s  correspond approximately to  the th ree  
f a c to r s  o f  inst ruments  derived from the  sub jec t ive  experiment.  The 
agreement i s  not p e r f e c t  however, s ince  the v io l in  and bassoon spec tra  
a re  nega t ive ly  loaded with re spec t  to  P ro f i l e s  1 and 3. Thus, 
al though an approximate r e l a t i o n s h ip  between su b jec t ive  and ob jec t ive  
f a c to r s  e x i s t s ,  t h i s  r e l a t i o n s h ip  i s  not completely unders tood.
Two s im i l a r  s tu d ie s  have been ca r r ied  out using MDS to i n v e s t ­
iga te  t imbre .  Both s tu d ie s  used synthesized tones equa l i sed  fo r  
p i tch  and volume. Since t h e i r  experimental techniques  are very 
s im i l a r  to those of  Wedin and Goude, only a d e sc r ip t io n  of  the  
s t imul i  used wil l  be given, followed by a summary o f  the  r e s u l t s .
M i l le r  and C a r t e r e t t e  [31] var ied  the composition o f  the 
s t im ul i  as given below:
(a) number o f  harmonics (3, 5 or  7);
(b) a t tack /decay  envelope shape fo r  each harmonic (horn,
s t r i n g s ,  t r a p e z o id a l ) ;
(c) a t t a ck  time f o r  the  envelopes in (b ) .
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This r e s u l t e d  in a th ree-d imensional so lu t ion  where:
(a) dimension 1 separa ted  tones in to  th ree  groups,  which 
comprised 3, 5 o r  7 harmonics;
(b) dimension 2 separa ted  tones in to  two groups,  which 
comprised 5 o r  3 and 7 harmonics;
(c) dimension 3 separa ted  tones in to  th ree  groups
I t  i s  i n t e r e s t i n g  to  note t h a t  one c h a r a c t e r i s t i c  number o f  
harmonics i s  capable of  producing more than one dimension. The second 
dimension does not th e re fo re  give any add i t iona l  in format ion.  Note 
a l so  t h a t  the a t tack  times do not appear in t h i s  so lu t io n .
Grey [34] used s t im ul i  t h a t  were synthes ized  on the bas is  of 
da ta  obtained from the ana lys is  o f  s ix teen  ins trumenta l  no tes .  The 
syn thes is  procedure allowed the ampli tude/ t ime h i s to r y  of each 
harmonic to  be c o n t ro l le d  independently ,  and thus the  physical  
c h a r a c t e r i s t i c s  t h a t  could be var ied  were very s im i l a r  to those 
described in the l a s t  experiment.  A th ree-dimensional so lu t io n  was 
obtained where:
(a) dimension 1 separa ted  tones with low harmonic content from 
those  with high harmonic con ten t ;
(b) dimension 2 separa ted  tones whose harmonics developed 
synchronously from those whose harmonics developed asynchronously;
(c) dimension 3 separa ted  tones with small a t t a ck  times fo r  
the higher harmonics, from those with no preceding high frequency 
energy.
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3 ,8 .2  Summary of MDS experiments
Although the  data from the th ree  experiments described in the 
l a s t  sec t ion  could be expressed s a t i s f a c t o r i l y  on each occasion in a 
three-dimensional s o lu t io n ,  the  na ture  of  these  so lu t ions  i s  very 
d i f f e r e n t .  Furthermore the complexity of  the  so lu t ion  seems to be 
r e l a t e d  to s o p h i s t i c a t io n  of  the  a n a ly s i s / s y n th e s i s  techniques .  For 
example Wedin and Goude analysed t h e i r  notes to  y i e l d  only the s teady-  
s t a t e  sp ec t ra l  energy, and were able  to derive  a so lu t ion  using only 
envelope p r o f i l e s .  Both M i l le r  and C a r t e r e t t e  and Grey had more 
d e t a i l e d  in format ion ,  namely the ampli tude/ t ime h i s to ry  of each 
harmonic, and t h e i r  so lu t io n s  inc lude such f a c to r s  as envelope shape 
and a t ta ck  t ime.  Despite the  considerable  s i m i l a r i t y  between the 
s t im ul i  used f o r  these  two s t u d i e s ,  only the f i r s t  dimension (harmonic 
content)  i s  the  same. M i l le r  and C a r t e r e t t e ' s  second and t h i r d  
dimensions were r e l a t e d  to  harmonic content  (on t h i s  occasion 
s epa ra t ing  tones with 5 harmonics from those with 3 or  7 ) ,  and 
envelope shape r e s p e c t iv e ly ,  while Grey ex t rac ted  two f u r t h e r  dimen­
sions  r e l a t e d  mainly to  a t t a ck  t ime.  I t  i s  suggested th a t  the 
sub jec t iv e  i n t e r p r e t a t i o n  of  MDS r e s u l t s  by the experimenter i s  
l a rg e ly  r e spons ib le  f o r  such d i sc repanc ie s .
3.9 Review of  papers using SDS
IThe most comprehensive SDS experiment on t imbre has been 
c a r r i e d  out by von Bismarck [35].  In t h i s  s tudy,  which was o r i g i n a l l y  
c a r r i e d  out in Germany, s ix teen  sub jec t s  were presented with 35 
synthes ized  sounds which they ra ted  on 30 se le c ted  SD s ca le s .  All
3 -1 0
except f ive  of these  sounds were complex tones with a fundamental 
frequency of  200 Hz. The remaining f ive  sounds were band-l imited  
noise .  The r e s u l t s  from the experiment were then used to form a 
c o r r e l a t i o n  m atr ix ,  and a component ana lys is  was performed, reveal ing 
t h a t  four f a c t o r s ,  represen ted  by Dull /Sharp,  Compact/Scattered,
Em pty /Fun , C o lour le ss /C o lour fu l ,  accounted fo r  90% of  the  va r iance  
The f a c t o r  Dul l/Sharp ,  which accounted fo r  44% of the va r iance ,  was 
subsequently shown to correspond approximately to Low harmonic 
content/High harmonic con ten t .  The f a c to r  Compact/Scattered,  which 
accounted f o r  26% of  the  variance  represented the d i f fe rence  of  
timbre between complex tones and no ise .  Sim ilar f a c to r a l  s tud ies  of 
the s u i t a b i l i t y  o f  s e l e c ted  SD sca le s  to  quan t i fy  t imbre have been 
c a r r i e d  out by a number o f  au tho rs .  The fac to rs  emerging from such 
experiments w i l l  vary with the  s t im ul i  used ( fo r  example Cost [36] 
found th a t  the two most important sub jec t ive  dimensions of c l a r i n e t  
timbre were "volume" and " d en s i ty " ) ,  but in general  q u i te  a small 
number of  f a c to r s  can s a t i s f a c t o r i l y  account fo r  most of  the variance .
In another  study by P r a t t  and Doak [32],  a Subjective  Rating 
Scale f o r  t imbre was devised comprising th ree  SD s c a l e s ;  D u l l / B r i l l i a n t ;  
Cold/Warm and Pure/Rich.  These sca le s  were chosen by i ssu ing  a 
ques t ionna i re  conta ining a vocabulary of nineteen words used to  descr ibe  
t im bre ,  to s tudents  in the  Music Department a t  the Univers ity  of 
Southampton. The ques t ionna i re  i s  reproduced in Figure 27. Subjects 
had to  s e l e c t  s ix  a d jec t iv e s  from the vocabulary which, in t h e i r  
opinion, they considered the  most useful to  descr ibe  the timbre o f  
the  following fam i l ies  of in s t ruments ;  s t r i n g s ,  woodwinds, b ra s se s .
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and a combination o f  a l l  th ree  f a m i l i e s .  The combined r e s u l t s  f o r  a l l  
the  sub jec ts  are marked on the  q ues t ionna i re  and show a s trong p r e f e r ­
ence fo r  c e r t a in  words when desc r ib ing  the timbre of  the  "combination" 
group. The l im i t  of  j u s t  th ree  sca les  was int roduced in a somewhat 
a r b i t r a r y  manner, as noted by the au thors .  This was done d e l i b e r a t e l y  
to  see i f  sub jec ts  could use a small number of sca les  to  d isc r im ina te  
between sounds,  s ince  an exhaustive  evalua t ion  o f  a la rge  number of 
s ca le s  had a lready been c a r r i e d  out by von Bismarck. The experiment 
was c a r r i e d  out as fo llows: s ix  synthes ized  sounds,  d i f f e r in g  only in
harmonic con ten t ,  were r a ted  by 21 su b je c t s .  Each sound was repeated 
s ix  times in a balanced Latin Square o rd e r ,  making a t o t a l  of 36 
p re se n ta t io n s .  Thus each su b jec t  ra ted  each sound on s ix  separa te  
occas ions ,  on the  th ree  SD sc a le s .  For a given sub jec t  the r e s u l t s  
f o r  (say) sound 1 and sound 2 were then compared, and a t - t e s t  
appl ied  to determine whether the responses d i f f e r e d  s i g n i f i c a n t l y  
a t  the 5% level f o r  any o f  the  th ree  s c a l e s .  I f  t h i s  was t rue  fo r  
one o r  more s c a l e s ,  the  s u b je c t  was s a id  to be able  to  "d iscr iminate"  
between the two sounds. I f  a l l  s ix  sounds are  compared with each 
o th e r  in t h i s  way, then each sub jec t  can make a maximum of  15 
d i s c r im in a t io n s .  The average number o f  d isc r im ina t ions  made by the  
sub jec t s  was 11, in d ic a t in g  t h a t  the  Subjective Rating Scale was 
reasonably successfu l  a t  c a te g o r i s in g  a small vocabulary of  sounds of  
d i f f e r e n t  harmonic con ten t .
The concept of  using sca le s  to  d isc r im ina te  between s t imuli  
in t h i s  way i s  fundamental to  the  cu r ren t  i n v e s t ig a t i o n .
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3.10 Factors Governing Trombone Qual ity
The success of any experiment involving SDS w il l  depend on the 
s e le c t io n  of  sca les  r e levan t  to  the a t t r i b u t e s  under in v e s t ig a t i o n .
In o rder  to s e l e c t  such s c a l e s ,  the  views o f  trombone p layers  must be 
sought,  and the fe a tu re s  t h a t  determine the q u a l i t y  of  an ins trument 
e s t a b l i s h e d .  Accordingly,  trombone p layers  in the  Music Department 
a t  Surrey Univers i ty  were in te rv iewed.  These p layers  were asked a 
number of quest ions  in an attempt to e s t a b l i s h  the sub jec t iv e  dimens­
ions  of trombone q u a l i t y .  Such quest ions  included; "what do you 
consider  the important q u a l i t i e s  of  a trombone to  be?",  "what fac to rs  
in f luenced  you when contemplating buying a new ins t rument?" ,  "what 
f e a tu re s  o f  your ins trument would you l ik e  to  see improved?".
From t h e i r  responses ,  and from more d e t a i l e d  in te rv iews 
c a r r i e d  out by Edwards [37] on p rofess iona l  p l a y e r s ,  the  following 
fe a tu re s  were considered to be o f  c r i t i c a l  importance fo r  a high 
q u a l i t y  ins trument.  These f e a tu re s  a r e ,  in o rder  of  importance:
(a) Sl ide  q u a l i t y
(b) Timbre
(c) Responsiveness
Four secondary f ea tu re s  a l so  emerged, the  in to n a t io n ,  
ba lance ,  comfort and weight.  The p la y e r s '  comments on these fea tu res  
may be summarised as follows:
Slide  q u a l i t y :  the s l i d e  should be l i g h t  and run smoothly
with the  minimum of  f r i c t i o n .  I t  must a lso  be made as a i r t i g h t  as 
p o s s ib le .
Timbre: the requirements f o r  timbre are governed by fa c to r s
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in add i t ion  to  the  personal p reference  o f  the p layer .  Examples o f  
these  are the type o f  music t h a t  i s  to  be played ( e .g .  symphony, j a zz  
or  renaissance)  and whether the  inst rument i s  played solo or in an 
ensemble. Presented  with such c o n f l i c t i n g  requirements the p layer  has 
two choices;  e i t h e r  to  buy a number o f  ins t ruments ,  each one s u i ted  
to  a p a r t i c u l a r  requirement,  o r  to  buy one ins trument t h a t  enables 
him to vary the t imbre to  s u i t  the  s ty l e  of music being played.
Cer ta in  makes o f  trombones are  reputed to have g r e a t e r  f l e x i b i l i t y  of 
t imbre than o th e r s ,  where the a t t r i b u t e  of f l e x i b i l i t y  r e f e r s  to  the 
r e l a t i v e  ease  with which the p layer  may vary the t imbre o f  the  note 
produced. This a t t r i b u t e  i s  considered highly  d e s i r ab le  by p ro fess iona l  
p layer s .
Responsiveness:  t h i s  word i s  used by p layers  to  descr ibe  the
t r a n s i e n t  behaviour of  the ins t rument .  A responsive ins trument allows 
the p layer  to  s t a r t  and change a note e a s i l y  and s w i f t l y .
I t  might a t  f i r s t  seem s u rp r i s in g  t h a t  in tona t ion  i s  considered 
o f  only secondary importance. However i t  must be remembered t h a t  
d e f ic ien c ie s  in  in to n a t io n  may be correc ted  by experienced players  
owing to  the continuous na ture  of the  s l i d e  ac t ion .  F ina l ly  the 
ins trument  should be made as l i g h t  as p o s s ib le ,  and the  centre  o f  
g ra v i ty  should l i e  a t  the handgrips to  ensure a good balance.  The 
handgrips should be comfortably spaced.
These o r ig in a l  in te rv iews were conducted amongst p rofess ional  
p layers  most of  whom performed in symphony o rc h e s t r a s .  However, more 
r ecen t ly  a q ues t ionna i re  has been sen t  to a broader sample of  320 
p ro fess iona l  trombone p l a y e r s ,  and the r e p l i e s  are in good agreement 
with f ind ings  of the  in te rv iew s .
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3 .1 1  E x p e r im e n ta l P ro c e d u re
Before descr ib ing  the experiments in d e t a i l  i t  should be 
noted t h a t  a small m odif ica t ion  i s  made to  Osgood's SD sca le .  Ins tead 
o f  a seven po in t  s ca le  (Figure 26(a))  the  sca le  i s  drawn as a cont inu­
ous 0.127m (5 inch) l i n e  and a cross  may be placed anywhere along the  
l i n e .  The sca le  i s  div ided in to  100 un i t s  and the  score  i s  expressed 
as a number in the  range 0-100 (Figure 26(b ) ) .  A continuous sca le  
has two advantages: . f i r s t  i t  e l im ina te s  the need fo r  verbal de sc r ip ­
t io n s  o f  the seven s u b d iv i s io n s ,  whose meaning might be in t e r p r e t e d  
d i f f e r e n t l y  by ind iv idua l  s u b j e c t s ,  and secondly the data may be 
reduced to  seven le v e l s  i f  requ i red .
A pre l iminary  experiment was conducted to  examine how success ­
f u l l y  l i s t e n e r s  could use SD sca le s  to  r a te  the timbre of  a range of  
trombones. Three d i f f e r e n t  inst ruments  were used, one of  which was 
played on two occasions  using a d i f f e r e n t  mouthpiece each t ime.
Thus a t o t a l  of  fou r  ins trument/mouthpiece combinations ( r e f e r r e d  to 
simply as ins truments )  were a s se s sed ,  and each ins trument  was played 
by th re e  p layers  (two music s tuden ts  and one semi-profess ional p layer .  
The inst ruments used were:
(a) Boosey and Hawkes Sovereign BZ? tenor  trombone with 
Dennis Wick 4AL mouthpiece ( I I )
(b) Yamaha BZ? Bass trombone with 4AL mouthpiece (12)
(c) Bach 42B BZ? tenor  trombone with 4AL mouthpiece (13)
(c) Boosey and Hawkes Sovereign BZ? teno r  trombone with
6BL mouthpiece (14).
The l i s t e n e r s  who took p a r t  are  r e f e r r e d  to  as L1-L4. The
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players  are r e f e r r e d  to  as P1-P3.
While one o f  the  p layers  was playing an ins trument the 
remaining two p layers  and a f u r t h e r  non-playing su b jec t  formed a 
l i s t e n i n g  panel .  The panel r a ted  the timbre of  the  ins trument  on 
th ree  s c a l e s :  D u l l /B r igh t ,  Compact/Scattered and Not P ene t ra t ing /
Pen e t ra t in g .  The sca le s  were s e l e c te d  on the bas is  o f  the  in te rv iews 
described in the l a s t  s e c t i o n ,  and from previous verbal s tud ies  of 
t imbre [32,35].
3.11.1 Experiment 1
The experiment was conducted as fo llows:  a p layer  and an
instrument were drawn by l o t .  The l i s t e n i n g  panel faced away from 
the p layer  and could not see the  inst rument , but were aware o f  the  
i d e n t i t y  o f  the  p lay e r .  The p lay e r  was i n s t ru c te d  to  play the note 
B2Z? (121 Hz.) a t  a level o f  85 dB(A). A Bruel and Kjaer Impulse 
Sound Level Meter ( type 2204) pos i t ioned  a t  a d is tance  o f  2m on-axis  
from the bell  o f  the ins trument was used to measure t h i s  l e v e l .  This 
note was chosen s ince  i t  contains  a g rea t  number o f  harmonics, and 
i s  th e re fo re  the most l i k e l y  one to e l i c i t  d i f f e rences  between 
ins truments  and between p lay e r s .  A f te r  the l i s t e n i n g  panel had ra ted  
the  no te ,  another  p layer  was s e le c te d  to play an ins t rument ,  and the 
ra t in g  procedure was repeated u n t i l  the  th ree  p layers  had played a l l  
four  instruments. .  The t o t a l  experimental time was about two hours.  
The in s t r u c t i o n s  to the  l i s t e n e r s  are  shown in Figure 28. The scores 
of  the  l i s t e n i n g  panel were analysed using the  ana lys is  o f  variance  
technique.  This technique is  appropr ia te  here ,  s ince  i t  w i l l  give
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a q u a n t i t a t i v e  assessment o f  the  r e l a t i v e  importance of  the  th ree  
f a c t o r s :  ins t rum ent ,  mouthpiece and p layer .
From the r e s u l t s  o f  t h i s  ana ly s is  i t  was found t h a t  the
scores  of  the  l i s t e n e r s  were s i g n i f i c a n t l y  d i f f e r e n t  a t  the 1% l e v e l ,  
and hence the scores  o f  each l i s t e n e r  must be analysed sep a ra te ly .
The following f a c t s  emerged:
(a) Dul l /B r igh t :  using t h i s  sca le  two l i s t e n e r s  could
d isc r im ina te  between ins truments  (LI @ 1%, L2 @ 5%).
(b) Compact/Scattered: no d i sc r im ina t ions  were made by any 
l i s t e n e r .
(c) Not P e n e t r a t in g /P e n e t r a t in g :  using t h i s  s ca le  two 
l i s t e n e r s  could d i s c r im ina te  between inst ruments  (LI @ 1%, L3 @ 5%)
and two l i s t e n e r s  could d i sc r im in a te  between p layers  (L3 0 1%, L4 0 5%).
Since the sca le  Compact/Scattered did not y i e l d  any s i g n i f i c a n t  
r e s u l t s  i t  was not included in any subsequent experiments.  I t  i s  
i n t e r e s t i n g  to  note t h a t  t h i s  s ca le  ch a rac te r i s ed  the second f a c t o r  
in  von Bismarck's study [35]. As Plomp has noted [26] ,  the f a c to r s  
emerging from any p a r t i c u l a r  experiment are highly  dependent on the  
s t im ul i  used.
The ana lys i s  of variance  can only show t h a t  a l i s t e n e r  has 
made d isc r im ina t ions  w i th in  a f a c t o r .  Having e s t a b l i s h e d  t h i s  f a c t  
the  scores must be examined more c lose ly  to  e l i c i t  the p rec ise  nature  
of  these  d i f f e r e n c e s .  For example, a l i s t e n e r  whose r e s u l t s  showed 
t h a t  he was able  to  d i sc r im ina te  between inst ruments using a p a r t i c u l a r  
s c a l e ,  may have been able to d iscr im ina te  between a l l  four ins t ruments ,  
or he may only have been able to  d isc r im ina te  one inst rument from the
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r e m a in in g  t h r e e .
A more d e t a i l e d  examination may be performed e a s i l y  using the 
ana lys i s  of  variance  program w r i t t e n  by Edwards [38]. The means and 
s tandard  dev ia t ions  fo r  each of  the  f ac to r s  are  both tab u la ted  and 
p l o t t e d .  An example of  the  p r in t o u t  from t h i s  program i s  shown in 
Figure 29. The means are  represented  by an a s t e r i s k ,  and a v e r t i c a l  bar 
denotes ±1 s tandard  dev ia t ion .  I t  follows th a t  i f  the  s tandard 
dev ia t ion  bars f o r  any two f a c to r s  do not over lap ,  then the means are 
separa ted  by a t  l e a s t  two s tandard  dev ia t ions .  Therefore the hypothesis 
t h a t  the  means are  the  same ( i . e .  the  two f a c to r s  are from the same 
popula tion) may be r e j e c t e d  a t  l e a s t  a t  the 5% le v e l .
The r e s u l t s  were analysed accordingly  and the following f ind ings  
emerged.
For the  sca le  D u l l /B r igh t .
Ins truments :  LI ra ted  13 " b r i g h t e s t " ,  followed by II and 14
(no d isc r im ina t ion  was made between these  two ins truments ) and f i n a l l y  
12. L2 ra ted  13 " b r i g h t e s t " ,  followed by I I ,  12 and 14. (No d iscr im ­
in a t io n  was made between these  th ree  ins t rum ents ) .
P layers :  no d i sc r im ina t ions  were made by any l i s t e n e r s .
For the  sca le  Compact/Scattered.
No d i sc r im ina t ions  were made by l i s t e n e r s  using t h i s  s ca le .
For the sca le  Not P e n e t r a t in g /P e n e t r a t in g .
Inst ruments:  LI r a te d  13 and 14 "most p e n e t r a t i n g " ,  (no
d isc r im ina t ion  was made between these  two ins truments ) followed by 
12, and f i n a l l y  12. L3 ra te d  11,13,14 "most p e n e t r a t i n g " ,  followed 
by 12.
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Players :  L3 ra ted  PI "most p e n e t r a t in g " ,  followed by P2 and
f i n a l l y  P3. L4 ra ted  PI "most p e n e t r a t i n g " ,  followed by P2 and P3 
(no d isc r im ina t ion  was made between these  two in s t ruments ) .
Several important conclus ions may be drawn:
(a) the  s ca le  D u l l /B r igh t  may be used to d iscr imina te  
between ins t ruments ;
(b) the  sca le  Not P e n e t ra t in g /P e n e t ra t in g  may be used to 
d isc r im ina te  between ins truments  and p layer s ;
(c) the  o rder  of  the  f a c to r s  having the g r e a t e s t  in f luence  
on t imbre i s :  in s t rument ,  p lay e r ,  mouthpiece;
(d) where l i s t e n e r s  could make d iscr im ina t ions  with in  a 
given f a c t o r ,  the  rank o rder  was always the same, thus  demonstrating 
t h a t  the  l i s t e n e r s  were using the sca les  in a s im i l a r  manner.
3 .11.2  Experiment 2
I t  i s  c l e a r l y  u n r e a l i s t i c  to  judge the t imbre o f  an ins trument 
on the bas is  of  a s in g le  no te ,  which was the case in the f i r s t  
experiment.  To assess  an inst rument thoroughly i t  i s  necessary to 
hear  i t  being played a t  severa l  p i tches  and dynamic l e v e l s ,  thus 
enabling an assessment to be made over a range o f  condi t ions  l i k e ly  
to  be encountered during an actual performance.  Such an experiment 
would take much longer to  perform, and more im por tan t ly ,  the timbre 
o f  the  ins trument  i t s e l f  va r ie s  with changes in p i tch  and dynamic 
l e v e l .  Clearly  i f  these  f a c to r s  are  to be inc luded in  fu tu re  e x p e r i ­
ments then t h e i r  in f luence  on t imbre must be well understood. For 
t h i s  reason an experiment was devised to in v e s t ig a t e  q u a n t i t a t i v e l y
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the  e f f e c t  o f  frequency, amplitude,  p layer  and inst rument on t imbre.  
Pre-recorded trombone notes were used in t h i s  experiment s ince  the 
r e p e a t a b i l i t y  of  a s u b j e c t ' s  scores  when ra t ing  id e n t i c a l  p re sen ta t io n s  
of a given note was to  be in v e s t ig a t e d ,  and the use of  tape ensures 
th a t  such r e p e t i t i o n s  are  indeed i d e n t i c a l .  To prevent  the e x p e r i ­
ment from becoming excess ive ly  long j u s t  two examples of  each of the 
above four f a c to r s  were used,  s e le c te d  to provide good c o n t r a s t .
The p a i r s  of  f a c to r s  used were as fo llows:
(a) 1 high p i t c h ,  D4 (288 Hz.) and 1 low p i tch  B2b (121 Hz.) .
(b) 1 loud note corresponding approximately to  f ,  and 1 q u ie t
n o te ,  p.
(c) 1 Tenor p layer  and 1 Bass p layer .
(d) 1 p ro fess iona l  model la rge  bore trombone and 1 s tudent
model medium bore trombone.
All 16 (2^) poss ib le  combinations were used each repeated 
7 times making a t o t a l  o f  112 p re s en t a t i o n s .  For the recording the 
inst ruments  were played by two music s tu d e n t s ,  and the Sound Level 
Meter ensured t h a t  the  sound le v e l s  were equal ( i . e .  same "A" weighted 
l e v e l )  where necessary .  The record ings  were made a t  one be l l  rad ius 
on-axis  [39]. A level of 105 dB(A) corresponds to  f ,  and a level  of  
95 dB(A) corresponds to p. The p layers  were i n s t r u c t e d  to play each 
note f o r  about 1 .5 s ,  and the  e d i t e d  tape used in the  experiment 
comprised the 112 notes arranged in a balanced Latin  Square o rder .  
During the ac tua l  experiment the  tape ran cont inuous ly  and the sub jec ts  
ra ted  the sounds on two s c a l e s ,  D u l l /B r igh t  and Unpleasant Timbre/ 
P leasan t  Timbre, during a IDs s i l e n c e  t h a t  followed each note .  The
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f i r s t  sca le  was chosen s ince  i t  has been used su ccess fu l ly  to  i n v e s t i ­
ga te  the  e f f e c t  of p i tch  on t imbre [35]. The second sca le  was included 
to  examine l i s t e n e r s '  p re fe re n ce s ,  and determine i f  any consensus of  
opinion e x i s t s .  The tape was rep layed to  l i s t e n e r s  on a Nagra IV tape 
recorder  v ia  Koss PRO 600A headphones a t  a comfortable l i s t e n i n g  l e v e l .
The r e s u l t s  may be analysed using ana lys is  of  v a r ian ce ,  and 
s ince  only two examples o f  a given f a c t o r  occur ,  t h i s  ana lys is  alone 
i s  s u f f i c i e n t  without having to  use the  t - t e s t s .  The scores of the  16 
l i s t e n e r s  d i f f e r  s i g n i f i c a n t l y  (0.1%) and so the scores  o f  each l i s t e n e r  
must be analysed s e p a r a t e ly .  This was done, and the  r e s u l t s  from the 
Dul l /Brigh t  s ca le  are  summarised below:
(a) Frequency: l i s t e n e r s  judged the high frequency notes
"b r igh te r"  than the  low frequency notes (4 0 1%, 5 0 5%). 5 l i s t e n e r s
judged the low frequency notes " b r ig h te r "  than the high frequency notes 
(3 0 1%, 2 0 5%).
(b) Amplitude: a l l  16 sub jec ts  judged the loud notes "b r igh te r"
than the q u ie t  notes (1%).
(c) P layer :  7 l i s t e n e r s  judged the Bass p l a y e r ' s  notes
"b r igh te r"  than the Tenor p l a y e r ' s  notes (4 0 1%, 3 0 5%). 2 l i s t e n e r s
judged the  Tenor p l a y e r ' s  notes "b r igh te r"  than the Bass p l a y e r ' s  notes 
(2 0 5%).
(d) Ins truments :  no d isc r im ina t ions  made by any l i s t e n e r s .
S im i la r ly ,  fo r  the  sca le  Unpleasant Timbre/Pleasant Timbre:
(a) Frequency: 12 l i s t e n e r s  judged the low frequency notes
"more p leasan t"  than the high frequency notes (11 0 1%, 1 0 5%).
1 l i s t e n e r  judged the  high frequency notes "more p leasan t"  than the
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low frequency notes (1%).
(b) Amplitude: 8 l i s t e n e r s  judged the  q u i e t  notes "more 
p leasan t"  than the  loud notes (7 0 1%, 1 0 5%). One l i s t e n e r  judged 
the  loud notes "more p leasan t"  than the  q u ie t  notes (1 0 1%).
(c) P layer :  3 l i s t e n e r s  judged the Tenor p l a y e r ' s  notes
"more p leasan t"  than the Bass p l a y e r ' s  notes (2 0 1%, 1 0 5%).
2 l i s t e n e r s  judged the  Bass p l a y e r ' s  notes "more p leasan t"  than the 
Tenor p l a y e r ' s  notes (1 0 1%, 1 0 5%).
(d) Inst rument :  2 l i s t e n e r s  judged the  p rofess iona l  
in s t ru m en t ' s  notes "more p leasan t"  than the s tuden t  in s t rum en t ' s
notes (1 0 1%, 1 0 5%). 2 l i s t e n e r s  judged the the  s tuden t  in s t rum en t ' s
notes "more p leasan t"  than the  p ro fess iona l  in s t ru m en t ' s  notes (1 0 1%,
1 0 5%).
These r e s u l t s  show t h a t  the  frequency and volume of a note 
have a much g r e a t e r  in f luence  on the  assessment of t imbre than the 
p layer  o r  the  in s t rument .  They a lso  i l l u s t r a t e  the  problem of  devising  
an experiment capable o f  enabling l i s t e n e r s  to d i s c r im ina te  between 
ins t rum ents ,  when the ins truments  are  played a t  a number of f requencies  
and ampli tudes.  I t  i s  a l so  i n t e r e s t i n g  to  note t h a t  the l i s t e n e r s  
who were able to d i sc r im ina te  between inst ruments  and between players  
using the  s ca le  Unpleasant Timbre /P leasant  Timbre are near ly  equally  
div ided in t h e i r  p re ference  of  both ins trument and p lay e r .
3 .11.3  Experiment 3
In view o f  the  d i f f i c u l t i e s  experienced by l i s t e n e r s  in 
d i s c r im ina t ing  between ins truments  and between p l a y e r s ,  and a lso  s ince
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l i s t e n e r s  can only r a t e  the  t imbre of  the  ins t rum ents ,  i t  was decided 
to  concentra te  on the  use of  p layers  as sub jec ts  fo r  the  remaining 
experiments.  The use of  p layers  to  assess  inst rument q u a l i ty  has 
th ree  important advantages:
(a) they can play the inst rument over a range of  f requencies  
and ampli tudes,  and thereby give an "averaged" score  on any p a r t i c u l a r  
a t t r i b u t e ;
(b) they can assess  the  responsiveness ,  in add i t ion  to  the
timbre ;
(c) the  views of the p lay e r  on ins trument q u a l i t y  are perhaps 
more important than those of  the  l i s t e n e r ,  s ince  i t  i s  the  p layer  who 
buys the ins t rument ,  and whom the music manufacturers approach fo r  
opinions of  a new model.
Again, drawing upon the r e s u l t s  of  the  in te rv iews with p l a y e r s ,  
seven sca le s  were s e le c te d  on which to  r a t e  a range of ins t ruments .  
These sca le s  were:
(a) Small Dynamic Range/Large,Dynamic Range
(b) Bad Intonation/Good In tonation
(c) Unresponsive/Responsive
(d) Heavy Res is tance /L igh t  Resis tance
(e) S tu f fy /F ree  Blowing
i
( f )  Unpleasant Timbre/P leasant Timbre
(g) I n f l e x ib l e  Timbre /F lexib le  Timbre
The f i r s t  s ca le  i s  a measure of  the  dynamic range of an 
ins t rum ent ,  s ince  a common complaint  about poor trombones i s  the 
f e a tu re  r e fe r re d  to  by p layers  as "breaking up" or  i n a b i l i t y  to play
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notes a t  a high dynamic l e v e l .  The second sca le  measures the 
p l a y e r ' s  s u b jec t iv e  opinion concerning the r e l a t i v e  in tona t ion  of 
the  harmonics of the  ins trument.
The sca le s  Unresponsive/Responsive,  Heavy Res is tance /L igh t  
Res is tance  and S tu f fy /F ree  Blowing are  the  " fee l"  s ca le s  derived from 
the  a d jec t iv e s  most f r eq u en t ly  used by p layer s .  The s ca le  Unpleasant 
Timbre/Pleasant Timbre i s  inc luded so t h a t  a measure of d i f f e r e n t  
p l a y e r s '  p re ferences  may be sought,  and f i n a l l y  the s ca le  In f l e x ib l e  
Timbre/Flexible  Timbre i s  a measure of how s u cc e ss fu l ly  the p layer  
f e e l s  able to  in f luence  the  t imbre of  the  sounds he produces.
The experiments were conducted in the  acous t ic s  la b o ra to ry ,  
and the procedure was as fo l lows .  Players were b l indfo lded  and wore 
th ick  gloves to  d isg u ise  the ins truments  as much as p o s s ib le .  Three 
medium bore ins truments  ad ju s ted  to have approximately equal weight 
and balance were used ,  and each ins trument  was played with a la rge  
d iameter mouthpiece rim and a small diameter mouthpiece rim, making 
a t o t a l  o f  s ix  instrument/mouthpiece  combinations.  The ins truments 
used were a Boosey and Hawkes pro to type  ( I I ) ,  a Conn 5H (12) ,  and a 
Bach 12 (13).  The mouthpieces used were a Dennis Wick 9BS (Ml), 
which has a nominal rim diameter o f  25.0mm, and a 6BS (M2) which has 
a nominal rim diameter of 25.4mm. Each instrument/mouthpiece  com­
bina t ion  was presented  to  the  p la y e r  a t o t a l  of  f i v e  times during the 
course o f  the  experiment.  Two s tuden t  players  (R.D'C and R.P.) and 
one semi-profess iona l p layer  (J.M.B.) took p a r t .  They were t e s t e d  
i n d iv id u a l ly ,  and were handed the  instruments  to  be ra ted  by the 
exper imenter .  The s l i d e  lock was engaged so t h a t  only the f i r s t
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s l i d e  pos i t ion  could be used. I t  i s  r e a l i s e d  t h a t  t h i s  i s  a l i m i t ­
a t ion  fo r  the  p l a y e r s ,  but the  r e s u l t s  of the  in te rv iews suggested 
t h a t  the  d i f f e r e n t  q u a l i t i e s  of  the  three  s l i d e s  would p re jud ice  the  
outcome of  the  experiment.  Since the p layers  were b l ind fo lded ,  they 
gave t h e i r  scores  v e rb a l ly  to  the  exper imenter using the range 0-10 
f o r  each s c a l e .  The su b jec t s  were allowed to  play each inst rument  
f o r  as long as they wished, and were encouraged to  rep lay  the i n s t r u ­
ment before  giv ing a score f o r  a p a r t i c u l a r  s ca le  i f  they f e l t  t h i s  to 
be d e s i r a b l e .  Each su b jec t  needed about th ree  hours to  complete t h i s  
experiment.  The scores  o f  each p layer  were submitted to an ana lys is  
o f  variance  with the  following r e s u l t s :
(a) Small Dynamic Range/Large Dynamic Range: R.D'C. ra ted
12 as having "Large Dynamic Range", followed by II and 13, using the 
mouthpiece M2 (1%);
(b) S tu f fy /F ree  Blowing: J.M.B. r a ted  II " s t u f f i e r "  than 12 
and 13 using e i t h e r  mouthpiece (5%);
(c) Unpleasant Timbre/Pleasant Timbre: J.M.B. r a ted  II as 
having " le ss  P leasan t  Timbre", than 12 and 13 using e i t h e r  mouthpiece 
(5%).
These r e s u l t s  i n d ic a te  t h a t  the  players  were f ind ing  the ta sk  
of d isc r im ina t ing  between ins truments  a d i f f i c u l t  one,  although i t  
would appear t h a t  J.M.B. was able  to  i d e n t i f y  the  Boosey and Hawkes 
proto type  using two o f  the  s c a le s .
3 .11 .4  Experiment 4
To d iscover  whether the  d i f f i c u l t y  lay in using SDS or  in
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the  lack of  experience of  the  p l a y e r s ,  a p rofess iona l  sess ion  p layer  
(C .S . ,  who played a Vincent Bach 12) was in v i t e d  to  p a r t i c i p a t e  in a 
s im i l a r  experiment.  To reduce the  experimental time s t i l l  f u r t h e r ,  
only the sca le s  Bad Intonation/Good In tona t ion ,  S tuffy /Freeblowing,  
and Unresponsive/Responsive were used. Five medium bore trombones 
( th ree  o f  which had been used in the  l a s t  exper iment ,  plus a King 28 
(14) ,  and a Yamaha YSL 651 (15) ) and one mouthpiece (Dennis Wick IOCS) 
were used. Each ins trument was presented 5 times making a t o t a l  of  
25 p re sen ta t io n s .  The r e s u l t s  obta ined were very d i f f e r e n t  from those 
o f  the  previous experiment ,  and are produced in f u l l  in Figure 30. 
Analysing the r e s u l t s  with the  t - t e s t ,  the following conclusions may 
be drawn (1% level o f  s ig n i f i c a n c e  th roughout):
(a) Bad Intonation/Good In tona t ion :  15 has worse in to n a t io n  
compared to  the r e s t ,  which were in d i s t in g u i s h a b le  on t h i s  s ca le .
(b) S tuf fy /Freeblowing: II was more s tu f f y  than the r e s t ,  
again i n d i s t in g u i s h a b le .
(c) Unpleasant Timbre/Pleasant Timbre: 14 had the most
p leasan t  t imbre followed by 12 and 13 (no s i g n i f i c a n t  d i f f e rence  
between them) then 15 and f i n a l l y  11.
These r e s u l t s  demonstrate t h a t  t h i s  p a r t i c u l a r  p layer  had very 
l i t t l e  d i f f i c u l t y  in using the  s ca le s  c o n s i s t e n t ly  to quan t i fy  his  
assessment o f  the  ins t rument .  I t  i s  a lso  i n t e r e s t i n g  to  note t h a t  
h is  rank order ing  of  the  ins truments  was very s im i la r  f o r  the sca les  
Stuffy /Freeblowing, Unpleasant Timbre/Pleasant Timbre.
An MDS experiment was a l so  performed on t h i s  p layer  using the 
same f ive  ins t ruments .  Each ins trument was presented  with i t s e l f  and
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the o th e r  fo u r ,  on two occasions (with the o rder  of  the  p a i r  reversed 
f o r  the  second p r e s e n t a t i o n ) ,  as a s e r i e s  o f  dyadic comparisons.  He 
was asked to  s t a t e  which ins trument o f  the p a i r  he p re fe r red  (using 
any c r i t e r i a )  and by how much, using a "preference  sca le"  o f  0-10.
A score of  0 meant t h a t  he judged the  Instruments to  be i d e n t i c a l ,  
and 10 meant the g r e a t e s t  poss ib le  p re fe rence .  The r e s u l t s  were 
analysed using MDSCAL and the data could be reduced to  one dimension 
with very low s t r e s s  (<1%). By comparing the r e s u l t s  obta ined in t h i s  
way with the scores  from the SD experiment using the s ca le  Unpleasant 
Timbre/Pleasant Timbre (Figure 31),  i t  may be seen t h a t  the s ing le  
dimension corresponds very c lo se ly  to the timbre of  the  ins trument.
3.12 Summary of  experimental  r e s u l t s
The r e s u l t s  from the f i r s t  experiment where p i tch  and loudness 
were held c o n s ta n t ,  i n d i c a t e  t h a t  the o rder  of the  f a c to r s  governing 
t imbre i s  as fo llows:
(a) Instrument
(b) Player
(c) Mouthpiece
The second experiment i n v e s t ig a te d  the  in f luence  of the  f i v e  
f a c to r s  p i t c h ,  loudness ,  p l a y e r ,  inst rument and mouthpiece on 
t imbre .  The two f a c to r s  p i tch  and loudness were found to have very 
much g r e a t e r  in f luence  on s u b je c t s '  r a t in g s  than the o the r  t h re e .  
Furthermore where sub jec t s  were able to make d i s t i n c t i o n s  using the 
s ca le  D ul l /B r igh t  the re  was good general  agreement between sub jec ts  
on the  rank order  in 'which the sounds were p laced. Using the sca le
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Unpleasant Timbre/Pleasant Timbre sub jec ts  genera l ly  p re fe r re d  the low 
p i tch  and low volume sounds but were equal ly  div ided in t h e i r  p r e f e r ­
ence between players  and ins t rum ents .  Five sub jec ts  were able to 
d i s t in g u ish  between p la y e r s ,  and four  sub jec ts  were able  to d i s t in g u i s h  
between ins truments  over a range of  p i tches  and loudness.
The t h i r d  experiment in v e s t ig a te d  p la y e r s '  a t t i t u d e s  towards 
trombone q u a l i t y .  When prevented from id e n t i fy in g  an ins trument 
v i s u a l l y ,  the  th ree  p layers  had g re a t  d i f f i c u l t y  in d is t in g u ish in g  
between inst ruments  and between mouthpieces. A f te r  the  t e s t s  were 
completed,  p layers  were in v i t e d  to  play the ins truments  informal ly  
with  the gloves and b l in d fo ld  removed. During t h i s  time a l l  th ree  
p layers  u n h e s i t a t in g ly  gave firm opinions about the  q u a l i t y  of the 
ins truments  they were p lay ing .
A profess iona l  p layer  was t e s t e d  using a very s i m i l a r  e x p e r i ­
ment. He had l i t t l e  d i f f i c u l t y  d is t in g u ish in g  between ins t rum ents ,  
which in d ic a te s  the  importance of  playing  experience f o r  a r e l i a b l e  
assessment of  inst rument q u a l i t y  ( i t  should be noted however t h a t  
t h i s  p layer  had the advantage of using h is  own mouthpiece during the 
t e s t ) .  He also  took p a r t  in an MDS exper iment ,  and the r e s u l t s  
c l e a r l y  showed t h a t  the most important acous t ica l  f a c t o r  governing 
h is  pre fe rence  of any p a r t i c u l a r  inst rument i s  the t imbre.  This 
r e s u l t  i s  in agreement with the  f ind ings  of the  in te rv iews c a r r ie d  
out by the au tho r ,  and by Edwards [37].
3.13 Se lec t io n  of  sub jec ts
In view o f  the d i f f i c u l t y  experienced by the major i ty  of
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the  sub jec ts  in making d isc r im ina t ions  between inst ruments  and between 
p la y e r s ,  i t  would be very useful to e s t a b l i s h  a s e le c t io n  procedure to 
enable  the more d iscern ing  sub jec t s  to be re a d i ly  i d e n t i f i e d .  To 
pursue th i s  aim the su b jec t s  were asked to  r a t e  t h e i r  musical imagery 
( i . e .  the  a b i l i t y  to  r e c a l l  musical sensa t ions)  using SD s ca le s .  This 
work i s  not d i r e c t l y  r e l a t e d  to  the  assessment of  trombone q u a l i t y ,  
and i s  th e re fo re  presen ted  in Appendix B.
3.14 Summary
In t h i s  Chapter the  techniques  of Semantic D i f f e r e n t i a l  
Scaling and Multi-dimensional Scaling were desc r ibed ,  and the advan­
tages  and disadvantages  o f  each method d iscussed .  Some papers using 
these  techniques  were then p resen ted .  The f a c to r s  governing trombone 
q u a l i t y  (based on in te rv iews  with p layer s )  were in t roduced ,  and 
formed the bas is  of  a s e r i e s  of experiments aimed a t  quan t i fy ing  the 
s u b jec t iv e  dimensions o f  trombone q u a l i t y .  Less experienced p layers  
found the task  of  d isc r im ina t ing  between instruments  very d i f f i c u l t ,  
but a p ro fess iona l  p layer  t e s t e d  was capable of performing th i s  ta sk  
with ease .
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CHAPTER 4 THE OBJECTIVE ASSESSMENT OF TROMBONE QUALITY
4.1 In troduction
Having described the impedance measurement system and the  
su b jec t ive  assessment procedures in d e t a i l ,  in t h i s  Chapter ways in 
which the acous t ic  impedance o f  a trombone may be used to p re d ic t  i t s  
su b jec t ive  q u a l i t y  wi l l  be examined.
4.2  Summary of  the sound product ion mechanism of  brass  instruments
A b r i e f  review o f  the  sound production mechanism of  brass 
ins truments  i s  inc luded a t  t h i s  s tage  since  an understanding of  t h i s  
mechanism i s  needed to expla in  the s e le c t io n  of  a cous t ic  impedance 
as the primary o b jec t iv e  measurement.
The f i r s t  combined th e o r e t i c a l  and experimental model of brass 
inst rument behaviour was proposed by A.G.Webster [40] in 1918. The 
mechanism described i s  t h a t  of a valve con t ro l led  by a spring under 
t e n s io n ,  which admits a puff  of  a i r  in to  the ins trument.  The pressure  
wave thus  generated propagates  down the length of  the  ins trument,  and 
r e f l e c t e d  by the  b e l l ,  a r r i v e s  back a t  the  valve a t  the  appropr ia te  
phase to  maintain o s c i l l a t i o n .  The arrangement i s  shown in Figure 32.
This model has been adopted by Benade [41] to expla in  the 
func t ion  o f  the l ip s  when playing a brass  ins trument.  This reference  
a lso  inc ludes  a most i l lu m in a t in g  d iscuss ion  of  the h i s t o r i c a l  develop­
ment o f  the model. In 1929 Bouasse [42] showed th a t  the non- l inea r  
c h a r a c t e r i s t i c s  o f  the  valve cannot in general be ignored. For s tab le  
o s c i l l a t i o n  an inst rument must posses impedance maxima located  near to
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the  harmonics o f  the  note being played. I t  i s  i n t e r e s t i n g  to note 
t h a t  t h i s  f a c t  was known, a t  l e a s t  e m p i r ic a l ly ,  by Barton [43] and 
Lamb [44] some twenty years  prev ious ly .  This arrangement whereby 
severa l  impedance maxima combine to  determine the playing  frequency, 
i s  r e f e r r e d  to by Benade as a "regime of  o s c i l l a t i o n " .  The above 
th eo r ie s  are discussed in a paper by Benade and Gans [45] ,  and c e r t a in  
c o r o l l a r i e s  given which are  reproduced below. For the  non - l inea r  
case :
(a) " o s c i l l a t i o n  i s  favored a t  a frequency f o r  which the 
a i r  column input impedance i s  la rge  (as in the l i n e a r  case )" ;
(b) " o s c i l l a t i o n  i s  a l so  favored i f  the  impedance i s  la rge 
a t  some or  a l l  o f  the  harmonics o f  t h i s  frequency".
Worman [16] has extended t h i s  work and gives an express ion 
which may be used to  p r e d i c t  the v a r i a t io n  of the i n t e rn a l  spectrum 
o f  a note with playing dynamic, i f  the  impedance of the  instrument 
i s  known. The pressure  amplitude of  the  n^ *^  harmonic is  given by:
« PÎ X Z(nf i )  f o r  P^ «  Pi
t  hwhere P i s  the  p ressure  of  the  n harmonic n
Z(f ,n )  i s  the  Value o f  Z a t  n x f j
4.3 The "Sum Function"
In Section 2 .4  the terms impedance maxima and playing frequency 
were in troduced.  The r e l a t i o n s h ip  between these  two s e t s  of  f requencies  
fo r  a given ins trument i s  not ex ac t ,  due p a r t l y  to  the n on - l inea r  sound 
production mechanism. Wogram [16] has derived what he terms a "Sum 
Function" (Summenprinzip) which takes  in to  account the  f a c t  t h a t  the
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impedance values o f  an ins trument a t  in t e g ra l  m ul t ip les  of the  
fundamental frequency combine with the  p layers  l i p s  to  e s t a b l i s h  
the playing frequency. He f u r t h e r  argues t h a t  the playing frequency 
i s  d i r e c t l y  r e l a t e d  to  the  frequency a t  which maximum energy is  
t r a n s f e r r e d  from the ins trument to i t s  surroundings,  and th a t  th i s  
occurs when the  Sum Function i s  a t  a maximum. The Sum Function is  
t h e re fo re  c a lc u la te d  by summing the rea l  p a r t  of the  impedance of 
an ins trument  a t  in t e g ra l  m ul t ip les  o f  the  fundamenatal frequency:
nfi
s(<o)  = Ri where n i s  maximised such th a t
i - f  1^ n f i  < f^^ x '  the  h ighes t  frequency
fo r  which R i s  known.
where = rea l  p a r t  of the  impedance a t  frequency i Hz.
f i  = fundamental frequency
A computer program (FSUM) has been developed j o i n t l y  by the 
author and Dr. J.M. Bowsher, which enables the  Sum Function to be
ca lc u la te d  from the d isk  f i l e s  o f  ins trument  da ta .  This program
extends the Sum Function concept to  incorpora te  the  changes in playing 
frequency t h a t  occur with playing dynamic. This extended Sum Function 
i s  computed thus :
nfi
i= f i
The case where k = 0 corresponds to  fo r t i s s im o  playing and 
the  express ion reduces to  Wogram's Sum Function. However Worman has
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shown th a t  the  c on t r ibu t ion  of the  impedance maxima th a t  amplify the 
harmonics o f  a given note diminishes as the playing dynamic i s  reduced. 
Thus when k = 1 fo r  example the con t r ibu t ion  of Rg is  ha lved, R^  i s  
div ided by 3 and R^  i s  d ivided by n. For inc reas ing  k,  the  co n t r ibu t ion  
o f  the  higher frequency impedance maxima i s  f u r t h e r  reduced u n t i l  f o r  
very la rge  k the impedance maximum a t  the  fundamental i s  dominant.
This corresponds to a decreasing of  the  playing dynamic u n t i l  the  
note i s  being played as q u i e t l y  as p o s s ib le .  In the  diagrams depic t ing  
the Sum Function,  a value o f  K = 0 i s  normally used,  unless otherwise 
s p e c i f i e d .
4 .4  Hypotheses (a) and (b)
In t h i s  Section two simple hypotheses are  advanced which 
at tempt to  r e l a t e  the  s u b jec t iv e  q u a l i t y  of a trombone to  i t s  impedance. 
They are  based on the c o r o l l a r i e s  of  a non - l inea r  sound production 
mechanism which were s t a t e d  in Section 4 .2 .  For an ins trument pos­
sess ing  a s tab le  regime of  o s c i l l a t i o n :
(a) the ov e ra l l  amplitude o f  the  impedance maxima sha l l  be h igh;
(b) the  frequency loca t ion  of  these maxima sha l l  l i e  a t  c lo se ly  
harmonic i n t e r v a l s .
I t  i s  assumed t h a t  a s t a b l e  regime of  o s c i l l a t i o n  r e s u l t s  in
a trombone th a t  i s  easy to play and w il l  a lso  have a p leasan t  timbre
[41], al though the au thor  i s  unaware of  any d i r e c t  evidence support ing 
t h i s  view.
One f u r t h e r  f a c e t  of  trombone q u a l i t y  t h a t  must be considered
i s  t h a t  o f  in to n a t io n .  The use of  the  equal temperament tuning
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system means t h a t  the  frequency lo ca t io n  of the  impedance maxima is  
n e ce s sa r i ly  a compromise between t h e i r  use as fundamentals,  and t h e i r  
use f o r  the am p l i f i c a t io n  of  the  harmonics of o the r  notes [4].  I t  
was decided a t  the  o u t s e t  of  t h i s  work t h a t  the q u a l i t i e s  of timbre 
and ease  o f  playing were to  be given a h igher p r i o r i t y  than in to n a t io n ,  
and the re  were two reasons f o r  t h i s :
(a) Boosey and Hawkes a l ready  had a s tuden t  working on the 
problem of in tona t ion  [1];
(b) the  continuous nature  o f  the  s l i d e  ac t ion  of  a trombone
enables  p layers  to  make co r rec t io n s  to  the in to n a t io n  of  an ins trument.
4.5 Two case h i s t o r i e s
Two case h i s t o r i e s  are  now repor ted  which r e l a t e  d i r e c t l y  to 
the  two hypotheses given above.
4.5 .1  A comparative s tudy o f  two la rge  bore tenor  trombones
The ins truments  examined in  t h i s  experiment were a Vincent 
Bach 42, and a Boosey and Hawkes Sovereign ( laque red) .  These i n s t r ­
uments were chosen s ince  i t  was be l ieved  t h a t  Boosey and Hawkes based 
t h e i r  design on the  Bach, and i t  was hoped to see what s i m i l a r i t i e s
e x i s t e d  between the ins t ruments .
The inst ruments  were measured with the impedance apparatus 
and the  r e s u l t s  are  given in Figure 33. Note t h a t  the amplitudes o f  
the  impedance maxima a re  in general  g r e a t e r  f o r  the  Bach, and t h a t  
the  f requencies  of  the  maxima f o r  the  two instruments are  t y p i c a l ly  
with in  2 Hz.
The ins t rum ents ,  to g e th e r  with a s i l v e r  p la te d  Boosey and
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Hawkes Sovereign, were assessed  su b je c t iv e ly  by th ree  p layers  as p a r t  
of  a l a r g e r  experiment which sought a d d i t io n a l ly  to  examine the e f f e c t  
of  d i f f e r e n t  f i n i s h e s .  The mouthpiece used was a Dennis Wick 4AL. 
Subjects  were p resented  with twelve p a i r s  of  in s t rum ents ,  s ix  of  which 
comprised two d i f f e r e n t  in s t rum en ts ,  and s ix  were r e p e t i t i o n s  of  a 
given ins trument.  The twelve p a i r s  were ordered in a random sequence 
and sub jec ts  were asked to  s t a t e  whether they thought t h a t  the i n s t r ­
uments in each p a i r  were the same o r  d i f f e r e n t .  The complete r e s u l t s  
f o r  a l l  th ree  sub jec t s  are  shown in Figure 34. The r e s u l t s  pe r ta in in g  
to  the  f i n i s h  w i l l  be d iscussed  a t  g r e a t e r  length  in Section 4 .9 .5 .
The group o f  th ree  su b jec t s  co ns is ted  o f  one semi-profess iona l  p layer  
( J .M .B .) ,  and two s tuden t  p layers  (R .P . ,  and 6 .C . ) .
One fe a tu re  o f  the  r e s u l t s  f o r  J.M.B. and R .P . ,  i s  t h a t  n e i th e r  
p layer  was able to  i d e n t i f y  any o f  the  r e p e t i t i o n s .  I t  may be con­
cluded th e re fo re  t h a t  these  p layers  were not able to  d isc r im ina te  
between the  th ree  ins t rum ents .  However from the r e s u l t s  of G.C.,  i t  
i s  c l e a r  t h a t  he never confused the  Bach with e i t h e r  of  the Boosey and 
Hawkes Sovereigns.
All the  p layers  were aware o f  the  i d e n t i t y  of the  inst ruments  
before the s t a r t  o f  the  experiment ,  but the experimental protocol used 
( i . e .  gloves and b l in d fo ld )  was devised e sp e c ia l l y  to  minimise the 
p o s s i b i l i t y  of a p layer  employing non-acoustica l  cues to d iscover the 
i d e n t i t y  o f  a p a r t i c u l a r  in s t rument .  At the end of  the  formal t r i a l s  
each su b jec t  was i n v i t e d  to  play the  inst ruments  with the gloves and 
b l in d fo ld  removed. All th re e  sub jec t s  were both firm and unanimous 
as to  the  s u b jec t iv e  q u a l i t y  ( in  t imbre and responsiveness) o f  the 
ins t rum ents .  The Vincent Bach 42 was considered to  be the b e s t .
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followed by the  laquered Sovereign, and f i n a l l y  the s i l v e r  p la ted  
Sovereign.
For the one su b jec t  capable o f  making c o n s i s t e n t  judgements,  
the  r e s u l t s  o f  t h i s  t r i a l  are  in good agreement with Hypothesis ( a ) .
4 .5 .2  Improving the t imbre and responsiveness  o f  a bass trombone
Bass trombones commonly employ one or more valves  (in add i­
t ion  to the  s l i d e )  to  in c rease  the length  of the  ins t rum ent ,  thereby 
reducing the p laying  frequency. The ins trument  used in t h i s  e x p e r i ­
ment possesses  a G valve which lowers the  p i tch  o f  a BZ? ins trument
by th ree  semitones.  I t  follows th e re fo re  t h a t  the  note  62 (98 Hz.)
may be played in two ways,  e i t h e r :
(a) the  s l i d e  in 1 s t  p o s i t io n  and the valve depressed ;
(b) the  s l i d e  in  4th p o s i t io n  and the valve re l e a s e d .
In both cases the  ov e ra l l  length  of  the  ins trument i s  the 
same, but the  e x t ra  tubing i s  in troduced a t  d i f f e r e n t  p o in t s .  Dr. 
J.M.Bowsher noted t h a t  using the  valve to play G2 r e s u l t e d  in a note 
t h a t  was d i f f i c u l t  to s u s t a in  comfortably,  and t h a t  t h i s  d i f f i c u l t y  
f u r t h e r  manifested  i t s e l f  in a marked d e t e r io r a t i o n  o f  the  t imbre.
The acous t ic  impedance o f  the  ins trument  with a l l  i t s  tuning 
s l i d e s  f u l l y  "in" was measured f o r  both of the  above c ase s ,  and the  
r e s u l t s  are  shown in Figure 35. The p lo t s  are s i m i l a r ,  but the 
fundamental o f  G2 (which i s  the  second maximum) i s  f l a t t e r  by 6 Hz, 
when using the  s l i d e .  There are  a l so  d i f fe rences  between the  amp­
l i t u d e s  o f  the  maxima, but the  p re sen t  study w i l l  be confined to  
matching the f requencies  o f  the  fundamentals as c lo se ly  as p oss ib le  
f o r  the  two cases.
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The need to  do so i s  expla ined  by Benade[41].  When using 
the  valve to play G2 the fundamental i s  too f l a t  f o r  a t r u l y  success ­
ful  regime of  o s c i l l a t i o n .  What i s  requ ired  then i s  to  r a i s e  the 
frequency of the fundamental when the  valve is  used without a l t e r i n g  
the  po s i t io n s  o f  the  h igher maxima.
A computer program (FSPECT) c a l c u l a t e s ,  using Worman's 
equa t ion ,  the  in t e rn a l  spectrum fo r  any playing frequency,  in 
p a r t i c u l a r  the ones p red ic ted  by the Sum Function (obtained by run­
ning FSUM). When the Sum Function is  ca lcu la ted  fo r  the  bass trom­
bone using the  valve i t  i s  found t h a t  a t  high dynamic leve l s  the  
playing frequency i s  103 Hz.,  but a t  low leve l s  i t  f a l l s  to 94 Hz. 
and the in te rn a l  spectrum envelope d e t e r io r a t e s  considerably  (see 
Figure 36).  I n t e r e s t i n g l y  the  change of playing frequency a lso 
occurs when 4th p o s i t io n  i s  used,  in d ic a t in g  t h a t  the p o s s i b i l t y  s t i l l  
remains of  e f f e c t i n g  f u r t h e r  improvement to  the  whole ins trument.
A p e r tu rb a t io n  theory e x i s t s  to  move the po s i t io n s  of  the 
resonances of the  trumpet [1] and a simple sca l ing  procedure enables 
i t  to  be used fo r  a trombone. C lear ly  i t  i s  necessary  to r e s t r i c t  
the changes only to  the G valve sec t ion  so t h a t  the p a r t s  common to 
the BZ) and G instruments  are  unnaffected .  Calcu la t ions  [46] i n d ic ­
a ted t h a t  a 9% reduction  in the c ro s s - s e c t io n a l  area  of  the  tube 
forming the G valve was requ i red .  A new sec t ion  was the re fo re  
f i t t e d  by Boosey and Hawkes, and the  impedance re-measured. The 
r e s u l t s  i n d ic a te  a considerable  improvement although the  fundamental 
i s  s t i l l  3 Hz too f l a t  (see Figure 37).
To determine whether any rea l  su b jec t ive  improvement had 
been made, a p ro fess iona l  bass trombone p layer  (P.H.) was in v i t e d .
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during the course o f  an extended sub jec t iv e  exper iment,  to compare 
t h i s  ins trument with an unmodified one whose impedance was measured 
and found to  be i d e n t i c a l  (with in  experimental e r r o r )  to  t h a t  o f  
the  o r ig in a l  ins trument before  m od if ica t ion .  The p layer  wore a b l i n d ­
f o ld  and heavy gloves during the experiment,  and the s l i d e s  of  both 
ins truments  were cleaned and o i le d  so t h a t  they f e l t  as s im i l a r  as 
p o s s ib le .  This p recaut ion  i s  taken s ince  i t  i s  known th a t  musicians 
are  s t ro n g ly  in fluenced by the  s l i d e  q u a l i t y  [37].  The experiment 
was conducted by presen t ing  the  p lay e r  with a p a i r  of instruments  
s e q u e n t i a l l y .  Each p a i r  was e i t h e r  a r e p e t i t i o n  o f  a given i n s t r u ­
ment or  the  two d i f f e r e n t  ins t rum ents .  The p layer  was then i n s t r u c ­
ted to play the note 62 under both condit ions  ( i . e .  with and without 
the  valve) on the inst ruments  and then s t a t e  whether he thought they 
were the  same or  d i f f e r e n t .  I f  he thought they were d i f f e r e n t  he was 
then asked which one of  the  p a i r  he p re fe r re d .  During ex tens ive  t r i a l s  
he was always able  to  d i s t i n g u i s h  between the two in s t rum en ts ,  and 
always c o r r e c t l y  i d e n t i f i e d  the  r e p e t i t i o n s .  He re fe r r e d  to the 
unmodified inst rument as " s t u f f y " ,  " d u l l " ,  and "hard to  play", when 
using the valve.  He g r e a t l y  p re fe r red  the modified inst rument  and 
s t a t e d  t h a t  the two playing condi t ions  were "as c lo se ly  matched as 
p o s s ib le " .
This study has used the  impedance of an ins trument as a d iag ­
n o s t i c  t o o l ,  and has th e re fo re  s u cc e ss fu l ly  implemented the  improved 
design procedure o u t l in ed  in Figure 3. A dd i t iona l ly  t h i s  r e s u l t  i s  
in good agreement with Hypothesis (b) .
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4.6 A comparative study of  seven medium bore trombones
The na ture  of the  two preceding case h i s t o r i e s  has been i l l u s ­
t r a t i v e  r a th e r  than exhaus t ive .  I t  could be argued, fo r  example, t h a t  
the  d i f f e r en c es  in q u a l i t y  o f  the  two teno r  trombones were due to
the small discrepances  in the  loca t ion  o f  the  impedance maxima in the
frequency domain. A l t e r n a t i v e l y , f o r  the case of  the  bass trombone, 
the d i f fe ren ces  in q u a l i t y  might be r e l a t e d  to  the nature  of  the 
d i f f e r en c es  of  the  amplitudes of  the  impedance maxima ( i . e .  the envel ­
ope formed by a locus pass ing through the maxima).
An examination o f  the  f a c to r s  required  fo r  a s t a b l e  regime of
o s c i l l a t i o n  in d ic a te s  t h a t  both the amplitude and the frequency lo c ­
a t io n  of  the  maxima are  important in determining the overa l l  q u a l i t y  
of a trombone. For t h i s  reason i t  was decided to  perform a more 
comprehensive study o f  ins trument q u a l i t y  using a l a r g e r  sample of 
in s t ru m e n t s .
4 .6 .1  Hypothesis (c)
The Sum Function i s  e s s e n t i a l l y  a combination o f  Hypotheses
(a) and (b ) .  I f  f o r  a given ins trument the peaks o f  the  Sum Function 
are well defined and high in ampli tude,  then both of  the  c o r o l l a r i e s  
given in Section 4.4  are  ( a t  l e a s t  p a r t i a l l y )  s a t i s f i e d ,  and the  
ins trument might reasonably be expected to  possess s t a b l e  regimes of 
o s c i l l a t i o n .  This proposal w i l l  be r e f e r r e d  to  as Hypothesis ( c ) .
4 .6 .2  Se lec t ion  of the  ins truments
At the  reques t  of Boosey and Hawkes the  study was c a r r i e d  out 
on a range of  medium bore t e n o r  trombones. The seven inst ruments
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used are given below, tog e th e r  with t h e i r  r e t a i l  p r ic e s  a t  1/5/77 
(inc luding  case ) :
(a) Boosey and Hawkes pro to type
(b) Conn 5H £315
(c) Holton C o l leg ia t e  N/A
(d) King 2B £310
(e) Laf leur  £140
( f )  Vincent Bach 12 £430
(g) Yamaha YSL 651 £290
The Holton belongs to  the  au thor ,  and the  remaining ins trum­
ents  were kindly loaned by Boosey and Hawkes.
4 .6 .3  Object ive measurement
The ins truments  were measured using the impedance measurement 
system, and the r e s u l t s  are  given in Figures 38 to  44. Also i n c l ­
uded are  the  f requencies  and amplitudes a t  maximum and minimum values 
f o r  | Z | ,  the  Q's of  the  maxima, and a p lo t  of  the  Sum Functions.
4 .6 .4  Subjec t ive  assessment
Three of  the  inst ruments  ( the  Boosey and Hawkes p ro to type ,  
the  Conn 5H and the  King 2B) were assessed by th ree  p la y e r s ,  and t h e i r  
r e s u l t s  have been discussed  in Sect ion 3 .11 .3 .  Although the players  
had d i f f i c u l t y  in d i s t in g u i sh in g  between ins t rum ents ,  the r e s u l t s ,  
where s t a t i s t i c a l l y  s i g n i f i c a n t ,  did i n d ic a te  t h a t  J.M.B. ra ted  the 
Boosey and Hawkes pro to type  both " s t u f f i e r "  and of  " le ss  p leasan t  
t imbre" than the o th e r  two ins t rum ents .
Five ins truments  were subsequent ly  t e s t e d  by a p ro fess iona l
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sess ion  p layer  ( C .S . ) ,  whose r e s u l t s  were presented in Figure 30.
This p layer  was in f a c t  able  to  i d e n t i f y  by make each ins trument as 
i t  was presented to  him by his  blowing only one or two notes fo r  j u s t  
a few seconds.  He made only one i d e n t i f i c a t i o n  e r r o r  in a t o t a l  of 
72 sepera te  p re s e n ta t io n s .  I t  follows th e re fo re  t h a t  when he used 
the  ra t in g  sca le s  the  f a c t  t h a t  he did not always d isc r im ina te  between 
c e r t a in  inst ruments  does not imply t h a t  he was incapable  of doing so,  
merely t h a t  he f e l t  t h a t  those p a r t i c u l a r  ins truments  were evenly 
matched with re spec t  to  t h a t  a t t r i b u t e .
The Laf leur  and the  Holton were not used a t  t h i s  s tage  fo r  
su b jec t iv e  assessment exper iments,  and there  were two reasons fo r  
t h i s  :
(a) Time: the  experimental  time must be kept with in  r e a s ­
onable l im i t s  to  avoid p layer  f a t i g u e ,  and t h i s  precludes th e  a sses -  
ment of  a l l  seven inst ruments  by a s in g le  p layer ;
(b) D is t ingu ish ing  f e a t u r e s :  the  la rge  spacing of  the  hand­
g r ip s  of  the  Laf leur  made i t  r e a d i ly  i d e n t i f i a b l e  even when wearing 
g loves .  The Holton had a r a t h e r  d i s t i n c t i v e  odour (as a r e s u l t  of 
being kept in a somewhat musty case) which proved impossible to remove 
d e sp i t e  a thorough c lean ing .
The Laf leur  i s  the  cheapest  model av a i l ab le  on the B r i t i s h
market,  and the  Holton C o l leg ia te  i s  believed to  have been discon­
t inued .
4 .6 .5  Comparison with o b je c t iv e  Hypotheses (a) to  (c)
In t h i s  Sect ion the r e s u l t s  of the  sub jec t iv e  t r i a l s  c a r r ie d  
out on C.S. w i l l  be compared with the th ree  Hypotheses r e l a t i n g  to
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ins trument q u a l i t y .
4 .6 .5 .1  Hypothesis (a)
F i r s t  cons ider  the  impedance curves fo r  the  Bach 12 and the  
Boosey and Hawkes pro to type  (shown tog e th e r  in Figure 45).  These 
inst ruments  were ra ted  "bes t"  and "worst" r e s p e c t iv e ly  fo r  both timbre 
and ease  o f  p lay ing .  However in t h i s  case the  o v e ra l l  impedance 
leve l  o f  the  Bach i s  lower than f o r  the  Boosey and Hawkes p ro to type ,  
in c o n t ra d ic t io n  to  Hypothesis ( a ) .  As f u r t h e r  evidence of the 
breakdown of  Hypothesis ( a ) ,  compare the  impedance of the  King with 
t h a t  o f  the  Boosey and Hawkes pro to type  (see Figure 46). The d i f ­
fe rences  in level are  very small indeed, but the  s u b je c t iv e  d i f f e r en c e  
as judged by C.S. i s  very la rg e .
4 .6 .5 .2  Hypothesis (b)
The degree of harmonicity  to  which the  impedance maxima are
a l igned  i s  computed as p a r t  of an a n a ly s i s  program FPEAKS (see Section
*fch4 .7 ) .  I f  the  frequency of  the  n maxima is  div ided by n ,  a s e t  
o f  f requencies  o f  approximately 60 Hz. i s  obta ined (excluding the  
f i r s t  maximum which i s  not "used" f o r  p lay ing ) .  The s tandard  dev­
i a t i o n  (S.D.) o f  t h i s  s e t  of  numbers r ep resen ts  the  degree of harm­
o n i c i t y  of  the  maxima, and the  sm a l le r  the  S.D. the  g r e a t e r  the  degree 
o f  harmonic ity .  The values f o r  the  S .D . ' s  of  the  seven inst ruments 
i s  given in Figure 47. When compared with the  ra t ings  o f  C.S. i t  
w i l l  be seen t h a t  the r e s u l t  i s  not in agreement with Hypothesis (b).
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4 .6 .5 .3  Hypothesis (c)
The Sum Function f o r  the  Boosey and Hawkes pro totype  and 
the  King are  given in Figure 48. The degree of  s i m i l a r i t y  i s  qu i te  
remarkable,  ÿ e t  C.S. g r e a t l y  p re fe r re d  the King. This r e s u l t  does 
not appear to  lend support  to hypothesis (c ) .
4 .6 .6  Comparison with s t r a i g h t  tubes
To demonstrate conclus ive ly  the inadequacy of Hypotheses
(a) to  ( c ) ,  i t  i s  he lpfu l to  consider the a co u s t ic a l  p r o p e r t i e s  of 
s t r a i g h t  tubes .  The impedance of a tube 1.42m long and diameter 
5.45mm has a lready been given in Figure 20. The overa l l  amplitude 
level  o f  the  maxima i s  high and s ince  the degree of  the harmonicity 
of the  maxima is  reasonably  h igh ,  the peaks of the Sum Function f o r  the 
tube are comparable with those of a trombone (see Figure 49).  However 
the ease  of  playing and the  t imbre of  a s t r a i g h t  tube are non-ex is ten t  
and appa l l ing  r e s p e c t iv e ly .  In add i t ion  i t  i s  poss ib le  to "play" 
the tube a t  frequencies  where the Sum Function is  f a r  from i t s  maximum 
value .  Thus the  most unplayable "ins trument"  comes out bes t  using 
the ob jec t iv e  Hypotheses: c l e a r l y  these  Hypotheses must be rev ised
in the  l i g h t  of such evidence.
4.7  Search fo r  a l t e r n a t i v e  hypotheses
With the  breakdown of  the  th ree  Hypotheses fo r  ins trument 
q u a l i t y ,  new hypotheses were sought.  Features o f  the  impedance 
curves t h a t  have not  y e t  been incorpora ted  in any o f  the  above Hypoth­
eses are  the Q's of  the  maxima, and the envelope o f  the  impedance 
curve.  Benade [47] has s t a t e d  t h a t  the Q's o f  the  maxima are high
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fo r  inst ruments  t h a t  are  easy to  p lay ,  and low f o r  s tu f f y  ins t ruments .  
The Q's f o r  the maxima of  the  seven inst ruments  are  given in Figure 47. 
These r e s u l t s ,  compared with the r a t in g s  of  C .S . ,  do not support  
Benade's a s s e r t i o n .  A more formal ana lys is  ( i . e .  rank order c o r ­
r e l a t i o n  is  not poss ib le  s ince  only the  Boosey and Hawkes Prototype was 
ra ted  s t u f f i e r  than the  remaining four  ins truments .
A t ten t ion  was then turned to  the envelope o f  the  impedance 
curve.  This i s  a s en s ib le  f e a tu re  o f  the  curves to  study s ince i t  
forms the bas is  o f  the  formant theory  fo r  t imbre.  In add i t ion  the 
spectrum of a trombone note i s  r e l a t e d  to  the magnitude of the  impedance 
a t  in te g ra l  values of  the playing frequency, and thus the  envelope of 
the  impedance curve plays an important p a r t  in determining the spectrum 
of  a no te .
Accordingly the  impedance curves were submitted to a P r o f i l e  
Fac tor  Analysis (PFA), s im i l a r  to  the  ana lys is  used by Wedin and 
Goude [33]. The da ta  requ ired  are  the  values o f  the  impedance 
f o r  the f i r s t  twelve maxima. This information i s  used to  form a 
c o r r e l a t i o n  matr ix  which i s  then reduced to  a s p e c i f i e d  number of 
f a c t o r s .  The r e s u l t s  showed t h a t  the f i r s t  f a c t o r  accounted fo r  
94% of  the  v a r iance ,  and hence by mult ip ly ing  the f a c t o r  loadings f o r  
each inst rument  by the raw da ta  ( the  values o f  the  impedance maxima), 
a Factor P r o f i l e  may be obta ined (see Figure 50).  The Fac tor  Loadings 
f o r  each ins trument are  given in Figure 47. Note t h a t  with the excep­
t io n  o f  the  r e l a t i v e l y  high placing o f  the Boosey and Hawkes p ro to type ,  
these  r e s u l t s  rep re sen t  the  bes t  c o r r e la t io n  to the su b jec t ive  a s se s ­
sment of  C.S. t h a t  has so f a r  been obta ined . A c l e a r e r  p ic tu re  is  
obta ined i f  the  na ture  of the  envelopes i s  examined. From Figure 50
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i t  may be seen t h a t  the Facto r  p r o f i l e  may be thought to  c o n s i s t  of 
th ree  s loping l in e s  jo in in g  maxima 2 to 5,  6 to 8 and 9 to 12 
re sp e c t iv e ly .  From a pure ly  v isua l  inspec t ion  of  the impedance 
curves fo r  the seven inst ruments i t  appears t h a t  the steepness  of 
the  s lopes and the  magnitude of the  impedance a t  the po in t  of i n t e r ­
cept on the impedance axis  c o r r e l a t e  to some degree with su b jec t ive  
q u a l i t y .  Although the re  i s  no appropr ia te  formal ana ly s is  procedure 
to  i n v e s t ig a te  t h i s  phenomenon. Dr.J.M.Bowsher has w r i t t en  a program 
(FPEAKS) which f i t s  th ree  s t r a i g h t  l in e s  to the impedance curve of 
an ins t rument ,  and c a l c u la t e s  the  th ree  slope and i n t e r c e p t  va lues .
An instrument i s  then awarded po in ts  r e l a t i n g  to the s teepness  of 
the  slopes and the i n t e r c e p t  ampl itudes.  I f  these  po in ts  are then 
summed, the following rank o rder  emerges: King 2B, Conn 5H, Holton
C o l l e g ia t e ,  Vincent Bach 12, Boosey and Hawkes p ro to type ,  L a f leu r ,  
Yamaha. I t  should be s t r e s s e d  however t h a t  t h i s  procedure i s  purely  
e m p i r ica l ,  and the na tu re  o f  a physical  mechanism capable of  r e l a t i n g  
sub jec t iv e  q u a l i t y  to  the  impedance envelope i s  a t  p re sen t  unknown.
4 .8  Fur ther  evidence supporting the  su b jec t ive  assessment r e s u l t s  
The main weakness of  the  preceding ana lys is  has been the use 
of the  r e s u l t s  o f  only one p layer  (C .S . ) .  This was necessary due 
to  the poor d isc r im ina to ry  powers o f  the o ther  p la y e r s ,  who produced 
r e s u l t s  o f  very l i t t l e  s t a t i s t i c a l  s ig n i f i c a n c e .  Since completing 
t h i s  experimental work a survey has been conducted [48] on the pop­
u l a r i t y  of  various  trombones by i s su ing  a ques t ionna i re  to p rofess iona l  
trombone p layers  in the  London a rea .  The r e s u l t s  f o r  the  r e levan t  
medium bore ins truments  are  reproduced, by kind permission of the
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au tho r ,  in Figure 51 and are  not e n t i r e l y  in agreement with the 
opinions o f  C.S. I t  should be remembered however t h a t  o th e r  f a c t o r s ,  
f o r  example c o s t ,  are involved in a p l a y e r ' s  s e l e c t io n  o f  h is  own 
in s t rument .  The r e s u l t s  of  the  survey r e l a t e  well to  the rank 
order  produced by the a n a ly s i s  program FPEAKS.
4.9 An examination o f  the  e f f e c t  of c e r t a in  parameters on q u a l i t y  
During the course of  t h i s  work, some e igh ty  impedance curves 
have been measured f o r  a v a r i e t y  of ins truments  under a s e r i e s  of 
d i f f e r e n t  cond i t ions .  In the  following Sections  the  e f f e c t s ,  both 
ob je c t iv e  and s u b j e c t i v e ,  are  desc r ibed .  In some cases the r e s u l t s  
are  r e a d i ly  i n t e r p r e t a b l e  in terms o f  th e o r ie s  which are  c u r re n t ly  
a v a i l a b l e .  However the  cons iderab le  amount o f  completely new imped­
ance da ta  c rea ted  as a r e s u l t  of  t h i s  study has given r i s e  to a 
number of  i n t e r e s t i n g  observa t ions  which cannot,  a t  p r e s e n t ,  be 
exp la ined .
4 .9 .1  In te rna l  bore c le a n l in e s s
Opinion i s  divided as to  the ideal  condit ion o f  the  i n t e r n a l  
bore s e c t io n .  I t  might be argued t h a t  a c lean ,  well po l ished  sec t ion  
was d e s i r ab le  s ince  i t  would in t roduce  lower losses  and hence lower 
the damping. Brass p layers  in general  do not favour brand-new 
in s t rum en ts ,  and r e f e r  to  a period of  blowing-in t h a t  must be endured 
before the ins trument performs to  t h e i r  s a t i s f a c t i o n .
Subjec t ive  assessment of an inst rument before and a f t e r  c lean ­
ing cannot be performed in the  usual way, s ince  i t  i s  no t poss ib le  
to  p re sen t  a s e r i e s  of p a i r s  f o r  comparison. I t  i s  po ss ib le  however
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to  measure the  impedance o f  an ins t rument  in these  two c ond i t ions .
The ins truments  used were a Boosey and Hawkes Sovereign 
( s i l v e r  p la te d )  and an a l t o  trombone in t h .  The Sovereign had 
been on loan f o r  two years  (without being cleaned) a t  the  time o f  the  
measurement, A modified vers ion  of the  program used to  contro l  the  
apparatus  was w r i t t e n  which enabled the  frequency a t  which an impedance 
measurement was to  be taken to  be en te red  manually v ia  the  keyboard. 
Using t h i s  program (FCOMP) the f requencies  of the  impedance maxima were 
qu ick ly  found, and t h e i r  amplitudes recorded. The ins trument was 
then cleaned in soapy water a t  room temperature  (21^C), and the 
amplitudes of  the  maxima were re-measured (see Figure 52) .  Note t h a t  
a f t e r  c leaning  the  maxima in c reased  in amplitude very s l i g h t l y ,  with 
the exception o f  the  fo u r th  (240 Hz.) maximum which increased  in 
value by approximately 20%.
Thé a l t o  was t e s t e d  in the  same way, and the  r e s u l t s  are 
given in Figure 53. A s i m i l a r  t rend  emerges, but here the t h i r d  
harmonic (242 Hz.) i s  r a i s e d  by 13%. I t  i s  impossible  to  draw any 
fi rm conclus ions  from these  r e s u l t s  s ince  the d i s t r i b u t i o n  of d i r t  
throughout the ins t rument  was unknown a t  the  s t a r t  of  the  experiment.  
One might have expected such an e f f e c t  to depend on the  mode number, 
but i t  appears to  be cons tan t  with frequency. This region a t  around 
240 Hz. seems p a r t i c u l a r l y  s e n s i t i v e  to  change of any d e sc r ip t io n  
s ince  the d i f f e r en ce  in amplitude with and without the valve fo r  the 
maxima of  a bass trombone i s  a l so  of  the  o rder  of 25% (see  Section 
4 . 5 . 2 . ) .
4 .9 .2  The mouthpiece
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4 .9 .2 .1  Theore t ica l  inc lu s ion  o f  the  mouthpiece cup volume
In Sect ion 2 . 3 . ,  i t  was mentioned t h a t  al though the primary 
plane of measurement used i s  t h a t  of the  mouthpiece t h r o a t ,  the 
con t r ib u t io n  of the  cup volume may be included t h e o r e t i c a l l y .  This 
i s  accomplished by te rm ina t ing  the  mouthpiece t h r o a t  with a s e r i e s  
LCR c i r c u i t ,  as given by Backus [5] .
A program (FMPIECE) has been w r i t t en  by S . J . E l l i o t t  which 
allows the user  to  e n t e r  values  f o r  the  cup volume, t h r o a t  d iameter ,  
backbore length and s e r i e s  r e s i s t a n c e .  The ins trument da ta  f i l e s  
may then be transformed acco rd ing ly ,  and the values f o r  impedance 
thus obta ined r ep re sen t  the  input impedance seen a t  the mouthpiece 
rim. The r e s u l t s  showing the e f f e c t  of  a typ ica l  mouthpiece cup 
(Dennis Wick 9BS), a re  compared with the raw data  f o r  the  Boosey and 
Hawkes p ro to type  in Figure 54. These r e s u l t s  w i l l  be d iscussed  
more f u l l y  in Chapter 5.
4 .9 .2 .2  Throat diameter
The a v a i l a b i l i t y  of  a range o f  Dennis Wick mouthpieces 
allowed a study of the  e f f e c t  of t h r o a t  diameter on the  impedance 
of  an ins trument to  be performed. Two mouthpieces,  a 6BS and a 
9BS, whose diameters  are  6 .7  and 6.8mm re s p e c t iv e ly  ( a t  the plane 
o f  measurement) , were f i t t e d  to the Boosey and Hawkes prototype and 
the r e s u l t i n g  impedance curves are  given in Figure 55. To determine 
whether such a small (but measurable) d i f f e r en c e  in impedance could 
be de tec ted  by p l a y e r s ,  a s u b jec t iv e  assessment experiment was devised
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4 .9 .2 .3  Subjec tive  experiments
One p ro fess iona l  bass trombone p layer  (P.H.) and one semi- 
p ro fess iona l  p layer  (J.M.B.) took p a r t  in a sub jec t iv e  experiment 
to  d iscover  the  s u b jec t iv e  importance of  both the  mouthpiece cup- 
volume and the t h r o a t  diameter .  This experiment i s  f a c i l i t a t e d  by 
the G ia rd in e l l i  range of mouthpieces.  This manufacturer  has adopted 
the  sen s ib le  p ra c t i c e  of  making the mouthpiece rims d e ta tchab le .
Thus the p lay e r  i s  able  to  s e l e c t  a rim t h a t  he f inds  comfortable ,  and
then a s u i t a b l e  body may be chosen from a la rge range whose parameters
(such as cup volume and th r o a t  diameter)  have been s y s tem a t ica l ly  
s e l e c t e d .  Should the  p layer  r e q u i r e ,  f o r  example, a l a r g e r  cup- 
volume only ,  then i t  i s  poss ib le  to  s e l e c t  a d i f f e r e n t  body which 
has a l a r g e r  cup-volume w h i l s t  maintaining the same th r o a t  diameter.  
This body i s  then used in conjunct ion with the s e l e c te d  rim.
Three d i f f e r e n t  bodies were t e s t e d  (the  rim being the same 
in a l l  cases)  by the  p layers  using t h e i r  own ins t ruments ;  and in t h i s  
t e s t  they were f r ee  to  use the s l i d e .  A s e r i e s  of  pa i red  comparisons
were made by the p layers  who were b l indfo lded .  As a f u r t h e r  p re ­
caution  aga ins t  i d e n t i f i c a t i o n  the mouthpiece bodies were kept in 
a water bath s e t  a t  37°C. The cup volumes and th r o a t  diameters of 
the  t e s t  bodies are g iven , to g e th e r  with the r e s u l t s  o f  the t r i a l s ,  
in Figure 56. I t  may be seen t h a t  n e i th e r  p layer  was able to 
descriminate  between any of  the  mouthpiece bodies r e l i a b l y .  Since 
the  v a r i a t io n s  o f  the  t h r o a t  diameters of the bodies used in th i s  
experiment (4.3%) are  considerably  g r e a t e r  than the d i f f e ren ces  in 
diameter fo r  those shown in Figure 55 (1.5%), i t  would appear t h a t  
the  apparatus i s  more s e n s i t i v e  than the p layers  to changes in th roa t  
diameter.
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4 .9 .3  The mouthpipe
The mouthpipe i s  a ventu r i- shaped sec t ion  in to  which the 
mouthpiece f i t s  (see Figure 1).  The mouthpipe of  the  Boosey and 
Hawkes Sovereign i s  200mm long, and the c ro s s - s e c t io n a l  area is  
reduced by 8% a t  the  narrowest p a r t .
The magnitude of the  v a r i a t i o n  in impedance in troduced by the 
mouthpipe may be demonstrated by comparing the impedance of  a Boosey 
and Hawkes Sovereign trombone with the s l id e  removed, with t h a t  o f  a 
s t r a i g h t  tube o f  same average diameter and id e n t i c a l  length (see
Figure 57).  A p e r tu rb a t io n  theory has been developed th a t  allows the
in ton a t io n  of  a brass  ins trument  to be a l t e r e d  by changing the mouth­
pipe sec t io n .  A change o f  le ss  than 0.2mm over a length o f  0.9m i s  
a l l  t h a t  i s  needed to a l t e r  the p o s i t io n  of a maximum by 5 cents (or 
approximately 1 Hz. a t  240 Hz.) [4].
4 .9 .4  Gross d i s t o r t i o n  to the tuning s l id e
During the three  years  of  experimental  work only one acc iden t  
has r e su l ted  in damage to an ins t rument ;  the  a u th o r ' s  Holton was 
knocked o f f  a bench onto the f l o o r .  I t  landed on the tuning s l i d e ,  
squashing i t  considerably .  The c ro s s - s e c t io n a l  area  was reduced by 
about 50% over a length of  20mm. This provided a good oppor tuni ty  
to examine an ins trument  with gross p e r tu rb a t io n s .  The ins trument 
was re-measured and no d isce rnab le  change in impedance was observed 
(see Figure 58).
This r e s u l t  might a t  f i r s t  seem su rp r i s in g  in the l i g h t  of  
the  remarks made in the l a s t  Sec t ion ,  but i t  should be remembered t h a t  
the length over which p e r tu rb a t io n s  are  i n t e n t i o n a l l y  applied i s
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t y p i c a l l y  200mm, the e n t i r e  length o f  a mouthpipe. For maximum 
e f f e c t  the pe r tu rb a t io n s  should be applied over a d is tance  o f  h a l f  a 
wavelength of  the  frequency in question  [46].  Thus although pressure  
nodes e x i s t  near t h i s  po in t  f o r  the f i f t h ,  e ighth  and ninth modes, 
and anti -nodes  e x i s t  f o r  the  t h i r d ,  seventh and ten th  modes, fo r  
the  damaged inst rument the length of  the p e r tu rba t ion  i s  such th a t  
the  maximum e f f e c t  w i l l  occur a t  a frequency of  8.55 KHz. which i s  
much higher than t h a t  of  the  impedance maxima. A per tu rba t ion  of  
length  20mm would appear in p ra c t i c e  to  be n e g l ig ib le  a t  the f requencies  
o f  i n t e r e s t .
4 .9 .5  Material  f i n i s h
The r e s u l t s  o f  a su b jec t iv e  assessment experiment which was 
p a r t l y  concerned with f i n i s h  have a lready been given in Figure 34.
From these  r e s u l t s  i t  i s  c l e a r  t h a t  the  p layers  t e s t e d  were unable 
to d i s t in g u i s h  between laquered and s i l v e r - p l a t e d  f i n i s h e s .
A s im i la r  experiment was conducted on a p rofess ional  bass 
trombone p layer  (P .H . ) ,  using two id e n t i c a l  laquered Sovereigns and 
the s i l v e r - p l a t e d  Sovereign, but he a lso  was unable to  d is t in g u ish  
between any of  the th ree  ins t ruments .
Using the program FCOMP i t  was poss ib le  to measure d i f fe rences  
between a l l  th ree  ins t rum ents ,  and these  r e s u l t s  are given in Figure 
59. Here again the impedance measurement system appears somewhat 
more s e n s i t i v e  than the  p lay e r s .
4 .9 .6  D.C. a i r f low
As Backus has noted ,  a d . c .  a i r f low  reduces the Q's of  the
4-22
impedance maxima [14]. The impedance of the  (undamaged) Holton was 
measured a t  the re ference  d . c .  a i r f low  s e t t i n g  o f  2m.s ^ , and a t  the 
h igher  value of 10m.s"^. The r e s u l t  i s  shown in Figure 60, and is  
in general  agreement with those of  Backus. Furthermore the  reduct ion 
in amplitude t h a t  occurs predominantly a t  lower frequencies  was 
p red ic ted  t h e o r e t i c a l l y  by Trimmer [49] in 1937. The magnitude of 
the  a i r f low  i s  such t h a t  the  f requencies  of the  impedance maxima are 
not s i g n i f i c a n t l y  a f f e c t e d .  The reduction in frequency i s  j u s t  
observable  using the  program FCOMP. I f  the frequency of  a maximum 
i s  en tered  via the keyboard, and the  a i r f low s e t t i n g  inc reased ,  then 
a s l i g h t  increase  in the phase angle w i l l  be observed in d ic a t in g  a 
lowering o f  the  frequency of  the  maximum.
4 .9 .7  Slide  pos i t ion
The sub jec t iv e  experiments c a r r i e d  out on trombones required  
the s l i d e  to  be locked s ince  p layers  might use the feel  of the s l i d e  
ac t ion  to  d isc r im ina te  between ins t ruments .  Consequently the 
impedance measurements were a lso  made with the s l i d e  in t h i s  p o s i t i o n .
For two of the  ins t rum ents ,  the Bach and the King, the 
impedance was measured in s l i d e  p o s i t ions  1, 3, 5 and 7, and the 
r e s u l t s  are  shown in Figures 61 and 62. The amplitudes of the  
maxima are in general decreased as the  ins trument  length (and hence 
the losses )  in c re a s e s .  Note a lso  t h a t  the  combined envelope of the 
four  s l i d e  po s i t io n s  is  s im i l a r  to the  Facto r  P r o f i l e  given in 
Figure 50
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4,10 Summary
A d iscuss ion  of  the  sound product ion mechanism of  brass  
ins truments  r e s u l t e d  in the  formulation of three  simple Hypotheses 
concerning inst rument q u a l i t y .  Some pre l iminary  experiments appeared 
to confirm these  Hypotheses,  but a more systemat ic  study i l l u s t r a t e d  
t h e i r  l i m i t a t i o n s .  Several o th e r  f a c to r s  were considered ,  and a 
r e l a t i o n s h i p  between impedance envelope and su b jec t ive  q u a l i t y  was 
d iscussed .
The e f f e c t  o f  varying a range of  parameters was i n v e s t ig a te d  
both s u b je c t iv e ly  and o b j e c t i v e l y .  The s e n s i t i v i t y  of  the  impedance 
measurement system was found in a l l  cases to be g r e a t e r  than the 
d i s c r im ina to ry  powers of  t h e  p layers  p a r t i c i p a t i n g  in the sub jec t ive  
t r i a l s .
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CHAPTER 5 DISCUSSION AND CONCLUSIONS
5.1 Improving the impedance measurement system
The accuracy of  any measurement system becomes o f  c r i t i c a l  
importance when the d i f fe rences  between the v a r iab le s  to  be measured 
i s  smal l .  In t h i s  Sect ion ways in  which the accuracy of  the impedance 
measurement system may be improved wi l l  be d iscussed.
Typical values fo r  the  r e p e a t a b i l i t y  of  the  system are given 
in  Section 2 .14 .2 .  The frequency loca t ion  of the impedance maxima 
fo r  a r e p e t i t i o n  of a given inst rument never d i f f e r e d  from the o r ig ina l  
by more than 0.5%, and i t  may be shown t h a t  such changes in frequency 
correspond to a change in ambient room temperature o f  le ss  than 1%.
Thus e i t h e r  the  room temperature  must be con t ro l led  more c lo se ly  than 
within  two degrees (which i s  not poss ib le  in t h i s  in s t a n c e ) ,  or  the 
experimental  time must be reduced in o rder  t h a t  changes in ambient 
temperature become i n s i g n i f i c a n t .
This reduction in experimental time may be accomplished i f  
one of  the a l t e r n a t i v e  e x c i t a t i o n  methods described in  Section 2.11 
i s  used. The implementation of e i t h e r  the impulse o r  broadband 
e x c i t a t i o n  method would enable the  experimental  time to be reduced 
from the 4 |  hours c u r re n t ly  needed fo r  the  stepped s ine  wave method 
(see Sect ion 2 .1 1 ) ,  to only a few minutes.  By appropr ia te  adjustment 
o f  the  sampling r a t e  and t ime,  the upper frequency l im i t  and the 
re so lu t io n  may be inc reased .  This would enable a more accura te  value 
fo r  the Q's o f  the  impedance maxima to be ca lcu la ted .
For a 2 -po r t  network the bes t  es timate  o f  the  input impedance 
may be shown to be [50] :
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Z ( f )  = G p u ( f ) / Gu u ( f )
where Gpy(f) i s  the  c r o s s - s p e c t r a l  dens i ty  o f  p ressure  and 
volume v e lo c i ty ;
and Gyy(f) i s  the  auto sp e c t r a l  dens i ty  o f  the  volume v e lo c i ty .
5. Plane o f  measurement
The s e le c t i o n  o f  the  mouthpiece th ro a t  as the  primary 
measurement plane was d iscussed  in Sect ion 2 .3 ,  and a procedure f o r  
inc lud ing  the e f f e c t  o f  the  mouthpiece cup-volume t h e o r e t i c a l l y  was 
o u t l in e d  in Section 4 . 9 . 2 . 1 .
The apparatus  was designed in such a way as to  allow 
measurements in the  plane of  the  mouthpiece rim to  be made, but the  
reduced p a r t i c l e  v e lo c i ty  r e s u l t e d  in a very noisey s ignal from the
hot-wire  anemometer. As a consequence only one ins trument  was
measured in t h i s  way and the r e s u l t  ( f o r  the  Boosey and Hawkes 
pro to type)  i s  given in Figure 63. Although the amplitude information 
i s  su b jec t  to inc reased  e r r o r ,  the  frequency loca t ion  o f  the  impedance 
maxima i s  thought to be r e l a t i v e l y  unaffec ted .
The Sum Function was computed f o r  the Boosey and Hawkes 
p ro to type  when measured under the  following cond i t ions :
(a) in the  plane of  the t h r o a t ;
(b) in the  plane of  the  rim;
(c) as ( a ) ,  but inc luding  t h e o r e t i c a l l y  the  cup volume.
The r e s u l t s ,  t o g e th e r  with the  playing f requencies  obta ined
by the  th ree  p l a y e r s , are shown in Figure 64. The p layers  cons is ted
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of  a semi-profess iona l p layer  ( J .M .B .) ,  a trumpet p layer  (P.S.W.) 
and the  author (R .L .P . ) .  The reasons fo r  inc luding  players  un­
f a m i l i a r  with the type of  ins trument under s tudy ,  and inexper ienced 
p l a y e r s ,  i s  t h a t  they w i l l  probably perform le s s  " l ipp ing"  and are 
thus  more l i k e l y  to  play the  " t rue  centre"  of  a note  [16] .
There are two i n t e r e s t i n g  f a c t s  t h a t  emerge from these  
r e s u l t s .  F i r s t l y ,  the  agreement of  the  frequency loca t ion  of  the  
impedance maxima f o r  the  cases (b) and (c) above i s  good, which
supports  the  t h e o r e t i c a l  c i r c u i t  o f  Backus [5]‘. However the
amplitudes are  not in good agreement (compare Figures 54 and 63) ,  
due probably to  the  poor s i g n a l - t o - n o i s e  r a t i o  of  the  v e lo c i ty  s ig n a l .  
Secondly,  the  r e s u l t s  o f  the  playing f requencies  are  su b jec t  to  l a rge  
v a r i a t i o n s ,  and are bracketed by the  Sum Function frequencies  
obta ined  from the t h r o a t  and rim impedance measurements. The large  
dev ia t ion  o f  playing f requencies  t h a t  a re  observed between d i f f e r e n t  
p layers  (and indeed between success ive  t r i a l s  involving only one 
p layer )  has been comprehensively s tud ied  by Wogram [16].
5.3 The time domain behaviour of  a trombone
Since the  modulus and phase of  the  input impedance have been
measured, i t  i s  poss ib le  to  compute (using the  program FIMPULSE),
f o r  the  f i r s t  t ime, the p ressu re  waveform as measured in the th ro a t  
r e s u l t i n g  from an impulse ( d e l t a  func t ion)  o f  volume v e l o c i t y ,  by 
performing an inverse  Four ie r  Transform on an ins trument data f i l e .
This technique may be employed to examine Benade's theory 
t h a t  a s t u f f y  ins trument i s  one t h a t  s u f f e r s  from premature r e f l e c t i o n s  
[47].  Figure 65 shows the p ressure  response of the  Holton C o l leg ia te
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before and a f t e r  i t  was damaged. The v e r t i c a l  l in e s  in d ica te  
m ul t ip les  of  the  throat- to-damaged sec t ion  round t r i p  t imes.  The 
lack of  an echo i s  due to  the  sh o r t  length (20mm) over which the 
damage occured (d e sp i te  the  massive 50% reduction in c ro s s - s e c t io n a l  
a r e a ) ,  although Benade s t a t e s  t h a t  " fo r  a 10% reduction in the c ross-  
s ec t iona l  area over a length of 20mm, the r e f l e c t e d  wave i s  7% a t  
330 Hz. [51].
5.4  Subjective  assessment
An important question  concerning the  sub jec t iv e  assessment 
experiments remains unanswered, namely why was the p rofess iona l  
sess ion  p layer  (C.S.)  much more competent a t  d isc r im ina t ing  between 
ins truments?  Undoubtedly h is  g r e a t e r  exper ience was an important 
f a c t o r ,  but i t  must be remembered th a t  the s tuden t  p layers  were 
not f a m i l i a r  with medium bore ins t rum en ts ,  nor were they permit ted  
to  use t h e i r  own mouthpieces.
Results o f  a su b jec t iv e  assessment experiment c a r r i e d  out 
on a brass  band p layer  ( L .P . ) ,  using his  own mouthpiece, are 
presented  below. Five ins truments  were used,  the  Boosey and Hawkes 
p ro to type .  King 2B, Holton C o l l e g ia t e ,  Laf leur  and Yamaha YSL 651.
The scores  are  given to g e th e r  with t h e i r  ana lys is  in Figure 66. Not 
only was t h i s  p layer  able  to  d i sc r im ina te  between inst ruments  j u s t  as 
c l e a r ly  as O.S . ,  but a l so  h is  assessment of the  th ree  inst ruments  
common to both p layers  (Boosey and Hawkes p ro to type .  King 28 and 
Yamaha YSL 651) i s  very s i m i l a r  to  t h a t  of  C.S. Both p re fe r red  the 
King 28 to the Boosey and Hawkes p ro to type ,  and L . P . ’s preference  of 
the  Yamaha over the  King i s  expla ined by the f a c t  t h a t  he plays a
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Yamaha YSL 651 and i s  t h e re fo re  accustomed to  i t s  fee l  and t imbre.
I t  i s  a lso  i n t e r e s t i n g  to  note  t h a t  the two instruments  r a t e d  
only by L .P . ,  the  Holton C o l leg ia te  and the  L a f leu r ,  had the "worst" 
and "bes t"  harmonicity of the  impedance maxima re s p e c t iv e ly  (see 
Figure 47) ,  and t h i s  f a c t  appears to  have had a s t rong in f luence  on 
his  judgement.
5.5 Conclusion
The work descr ibed  in t h i s  t h e s i s  has been concerned with 
e s t a b l i s h i n g  a r e l a t i o n s h ip  between the  s u b jec t iv e  q u a l i t y  and the 
geometry o f  an ins t rum ent .  During the course of  t h i s  work a number 
o f  r e l a t i o n s h ip s  proposed by o th e r  workers has been examined in d e t a i l ,  
but none of them was found to  be e n t i r e l y  s a t i s f a c t o r y  (see  Sections
4 .6 .5 .1  to  4 . 6 . 5 . 3 ) .  The experiment conducted on the p layer  L.P.
(see Section 5 .4) appears to  support  the  hypothesis t h a t  the 
harmonic ity  of the  impedance maxima i s  important fo r  a good ins trument  
(Hypothesis ( b ) ) .  However when a s e le c t io n  of inst ruments  whose 
degree of  harmonicity i s  comparable i s  made, then the r e s u l t s  of C.S. 
(see Sect ion 3 .11 .4)  suggest  t h a t  a q u a l i t y  c r i t e r i o n  r e l a t e d  to  the 
impedance envelope i s  adopted (see Section 4.7)
The study of t h a t  humble a co u s t ic a l  system, the  s t r a i g h t  tube ,  
has proved p a r t i c u l a r l y  rewarding. Theore tical  es t im at ions  o f  i t s  
impedance have allowed a valuable  check on the performance of the  
measurement system to  be obta ined . In add i t ion  the p laying p ro p e r t i e s  
o f  the  tube are  not c o n s i s t e n t  with the n o n - l in ea r  regenera t ion  
th eo r ie s  o f  Benade and Gans [45] ,  nor with the  Sum Function concept 
o f  Wogram [16].  I t  i s  tempting to  specu la te  on the outcome of
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t h e i r  researches  had they considered the p ro p e r t i e s  o f  the  s t r a i g h t  
tube more f u l l y .
C lear ly  much work remains to  be done before  the r e l a t io n s h ip  
between the su b jec t iv e  q u a l i t y  and the geometry of  an ins trument i s  
unders tood,  but with the completion of t h i s  t h e s i s  the  f i r s t  s teps  
have been taken.
5 -6
APPENDIX A DISK F IL E  T ITLES
An the inst rument data f i l e s  s to red  on disk have a s ix  
ch a rac te r  t i t l e ,  e .g .
5BP91C
The f i r s t  charac te r  denotes the  bore s i z e :
5 = Medium bore ( t y p i c a l l y  0.500 inch)
T = Tenor symphony bore ( t y p i c a l l y  0.547 inch)
B = Bass bore ( t y p i c a l l y  0.562 inch)
The second and t h i r d  charac te rs  denote the make:
BP = Boosey and Hawkes prototype
CO = Conn
HO = Holton
KI = King
LF = Lafleur
VB = Vincent Bach
YM = Yamaha
The four th  ch a rac te r  denotes the  (Dennis Wick) mouthpiece type: 
fo r  medium bore ins truments :
5 = 5BS
6 = 6BS
9 = 9BS
fo r  la rge and bass bore ins truments :
4 = 4AL
5 = 5AL
6 = 6BL
The f i f t h  charac te r  denotes the  s l i d e  p o s i t io n .
The s ix th  c h a rac te r  denotes the r e p e t i t i o n  s e r i a l  l e t t e r .
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APPENDIX B MUSICAL IMAGERY
In Chapter 1 the  s u b jec t iv e  q u a l i t y  of  an ins trument was 
described as a " p l a y e r ' s  or  l i s t e n e r ' s  personal assessment o f  an 
in s t rument ,  inc luding such f a c to r s  as t imbre,  responsiveness and 
in to n a t io n . "  The methods used f o r  assess ing  these  f a c to r s  q u a n t i t ­
a t i v e ly  were given in Chapter 3. The a b i l i t y  of  sub jec ts  to 
d iscr im ina te  between s t im ul i  i s ,  a  p r i o r i ^  l i k e l y  to  depend on 
various o the r  aspects  of the  s u b j e c t ' s  " m u s ic a l i ty " , such as musical 
imagery and musical memory, which vary widely between ind iv idua ls  
[52].  A ques t ionna i re  (see Figure 67) was the re fo re  devised t h a t  
would give q u a n t i t a t i v e  measures (using SD sca le s )  o f  c e r t a i n  aspects  
of  musical imagery. This q ues t ionna i re  was completed by sub jec ts  
p a r t i c i p a t i n g  in Experiment 2, and by C .S . ,  and L.P.
I t  was hoped t h a t  sub jec ts  who used the SD sca les  in Experi­
ment 2 with the minimum o f  s c a t t e r  when ra t in g  r e p e t i t i o n s  o f  a 
given sound would prove outs tanding  in one (or even a l l )  of  the 
aspec ts  o f  musical imagery l i s t e d  in the  q u es t io n n a i r e ,  thus enabling 
fu tu r e  r e l i a b l e  r a t e r s  to  be s e lec ted  on t h e i r  performance on the 
quest ionnai  re.
In o rder  to  d iscover  whether such a r e l a t i o n s h ip  e x i s t e d ,  a 
" S c a t t e r  C oef f ic ien t"  (S.C.)  was computed f o r  each s u b jec t .  The S.C. 
was fqrmed by summing the standard dev ia t ions  of the  scores  of the 
r e p e t i t i o n s  fo r  each of  the  16 sounds ( f o r  both SD sca le s )  divided by the 
t o t a l  range used by the su b jec t  when r a t in g  th a t  sound. A low S.C. 
means t h a t  the su b jec t  was using the  SD sca les  in a c o n s i s ten t  
manner when presented with r e p e t i t i o n s  of a given sound. I f  the
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S.C. i s  high the  su b jec t  was exper iencing d i f f i c u l t y  d isc r im ina t ing  
between the  sounds.
This S.C. was c o r r e la t e d  with su b je c t s '  scores on quest ions  
1 to  5 of  the  ques t ionna i re  (0 - 100 measured from l e f t  to  r i g h t ) ,  
and in none of  the  f ive  cases was the c o r r e l a t io n  s i g n i f i c a n t .  C.S, 
did not experience v iv id  musical imagery ( his  score f o r  quest ion 1 
being z e r o ) ,  but L.P. scored 70.
Thus i t  would appear t h a t  the  sub jec ts  who are  most able to 
use SD sca le s  to d i s c r im ina te  between s t imuli  are not ne cc e s sa r i ly  
those  who consider  themselves to  possess a high degree o f  musical 
imagery.
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APPENDIX C PROGRAM LISTIN G S
The opera tion  o f  FRUN, the  program used to contro l  the  
experiment and c o l l e c t  and analyse  the  da ta ,  has a lready been given 
in  d e t a i l  in Section 2.12.
A number of programs mentioned in t h i s  t h e s i s  have been 
w r i t t e n  to  perform various  opera t ions  on the ins trument data f i l e s  
c rea ted  by FRUN. The func t ion  of each program i s  given,  and then a l l  
the  l i s t i n g s  are  p resen ted .  F in a l ly  the  two subroutines  w r i t t en  in 
Data General Assembler language t h a t  control  the an a lo g u e - to -d ig i ta l  
and digita l- to-BCD conver ters  are  given.
FDRAW: draws an ins trument data  f i l e  in e i t h e r  Modulus/Phase 
o r  Real/Imaginary form, to g e th e r  with appropr ia te  axes.
FIMPULSE; computes and p lo t s  the impulse behaviour o f  an 
ins trument by performing an inverse  Four ier  Transform on the data f i l e
FIND: lo ca tes  and d isp layes  the  maximum and minimum values
f o r  | Z | ,  t o g e th e r  with the  appropr ia te  f requencies  (in  Hz. and
musical n o t a t i o n ) ,  and computes the Q's of  the  maxima from the real
p a r t .
FKAL: samples the  A/D conver ters  in to  which the v e lo c i ty
signal from the  hot-wire  anemometer i s  fed fo r  each turn  o f  the  needle 
valve.  I t  then f inds  an optimum value f o r  p,  and computes the 
constants  A and B.
FMPIECE (au thor  S . J .  E l l i o t t ) :  computes the  e f f e c t  o f  the
mouthpiece cup volume and modifies the ins trument f i l e s  accordingly .
FPEAKS (au thor  O.M. Bowsher): forms a rank order  of
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inst ruments  based on t h e i r  impedance envelopes.
FRUN: see Sect ion 2.11.
FSPECT: c a l c u la t e s  the i n t e rn a l  spectrum d i r e c t l y  from the
values o f  impedance (modulus or  phase) of  in te g ra l  values o f  the  (user 
s p e c i f i e d )  playing frequency.
FSUM: computes the  Sum Function as defined in Section 4 .3 .
ACQUIRE: Assembler rou t ine  which acquires  data from two
channels o f  the A/D co n v er te r s .
SEND: Assembler rou t ine  which allows the  frequency of the
programmable frequency o s c i l l a t o r  to be s e t .
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F D R A W  O N  1 5 / 0 2 / 7 8  A T  1 1 : 4 4
DIMENSION Z( 768 ), P( 768  ), IZ< 768  >. IP ( 768 ), IR( 768  ), IM( 768  ), NAME( 10 ) j 
IT = 1 5  I
TYPE“ F IL E  TO BE DRAWN ? “ !
READ( 11, 1 ) NAME( 1 > !
1 FORMAIT 820 > '
CALE P0PEN(1,NAM E) !
CALL FTDISP j
CALL FTCLEAR |
CALL FTPENUP I
ACCEPT"MODULUS/PHASE ( 0 )  OR REAL/IMAGINARY ( 1 )  ? " , IA N S  !
CALL RDBLK( 1 , 0 , Z , 6 ,  1ER ) |
CALL RDBLK<1 , 6 , P , 6 , 1ER> |
DO 90 1 = 1 0 ,7 6 8  I
ZZ=Z( I  ) * 0 . 7 E - 5
IZ ( I> = Z Z + 4 2 0  I
I  PC I  )=P( I  >*111. 41 + 185 !
IRC I  )=ZZ*COS( PC I  > >+420 
IMC I  )=ZZ*SINC PC I  ) >+185
90 CONTINUE
IFC IANS.EQ. 1 ) GO TO 50 
CALL FTAPLOTC 160, IZC 10 ), 1 >
DO 91 1 = 1 1 ,7 6 8
91 CALL FTAPLOTC 150+1, IZC I  ), 0 >
CALL FTAPLOTC 160, I  PC 10 ), 1 )
DO 92 1 = 1 1 ,7 6 8
92 CALL FTAPLOTC 150+1, IPC I ) , 0 >
GO TO 51
50 CONTINUE
CALL FTAPI...OTC 160, IRC 10 ), 1 >
DO 93 1 = 1 1 ,7 6 8
93 CALL FTAPLOTC 150+1 , IRC I  >, 0 >
CAU... F lAPLOTC 160, IMC 10 ), 1 >
DO 94 1 = 1 1 ,7 6 8
94 CALL FTAPLOTC 150+1, IMC I  ), 0 >
51 CONTINUE
CALL FTAPLOTC 150, 770 , 1 >
CA1...L FTAPLOI'C 150 , 4 1 8 , 0 >
CALL FTAPLOTC1 5 0 , 3 6 0 , 1 )
CALL FTAPLOTC1 5 0 , 1 0 , 0 )
CALL FTAPLOTC1 5 0 ,4 2 0 ,1 >
CALL FTAPLOTC 9 5 0 , 4 2 0 , 0 )
CALL FTAPLOTC1 5 0 , 1 8 5 , 1 )
CALL FTAPLOTC 9 5 0 ,1 8 5 , 0 >
DO 95 1 = 1 ,5  
IY = 7 7 0 -7 0 *C  I - l  >
CALL FTAPLOTC 150, lY ,  1 )
95 CALL FTAPLOTC 1 5 0 + IT ,  lY ,  0>
DO 96 1 = 1 ,8  
IX = 1 0 0 * I+ 1 5 0
CALL FTAPLO TC IX ,4 2 0 , 1 )
96 CALL FTAPLOTCIX, 4 2 0 + I T , 0>
CALL FTAPLOTC1 5 0 , 3 6 0 , 1 )
CALL F T A P L O )C 1 5 0 + IT ,3 6 0 , 0 )
CALL FTAPLOTC 150, 12, 1 )
CALL FTAPLOTC 1 5 0 + IT ,  12, 0 >
CALL FTAPLOTC1 5 0 ,3 0 0 ,1 >
DO 97 1 = 1 ,8
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I X = I . 0 0 * I  +  1 5 0
CALL F T A P LO T C IX ,1 0 5 , 1 >
97 CALL FTAPLOTC I X , 1 8 5 + I T , 0 ) 
CALL ZEROC 129, 390>
CALL ONEC 226, 3 9 0 )
CALL ZEROC 244 , 390  )CALL ZEROC 262 , 3 9 0 )
CALL TWOC 3 2 6 ,  3 9 0  )
CALL ZEROC3 4 4 , 3 9 0 )
CALL ZEROC 362 , 390  )
CALL THREEC 4 2 6 , 3 9 0 )
CALL ZEROC 444 , 3 9 0 )
CALL ZEROC462 , 3 9 0 )
CALL FOURC 526 , 390 >
CALL ZEROC5 4 4 ,3 9 0  )
CALL ZEROC 562 , 390  )
CALL FIOEC6 2 6 ,3 9 0 )
CALL ZEROC 644 ,  390  )
CALL ZEROC6 6 2 , 3 9 0 )  ,
CALL S IX C 7 2 6 ,3 9 0 )
CALL ZEROC7 4 4 ,3 9 0 )
CALL ZEROC 762 , 390  )
CALL SEVENC826,390)
CALL ZEROC844 , 3 9 0 )
CALL ZEROC 862 , 3 9 0 )
CALL E I8H TC 9 2 6 , 3 9 0 )CALL ZEROC9 4 4 , 3 9 0 )
CALL ZEROC 962 ,  3 9 0 )
CALL FREQHZC6 5 0 , 3 5 0 )
CALL ME80HMC3 5 , 5 9 5 )
CALL F IV E C 1 1 1 , 7 5 9 )
CALL ZEROC 129, 759  )
CALL FOURC1 1 1 ,6 8 9 )
CALL ZEROC 129, 6 8 9 )
CALL THREEC1 1 1 , 6 1 9 )
CALL ZEROC 129, 619  )
CALL TWOC 111, 5 4 9 )
CALL ZEROC 129, 549  )
CALL ONEC 1 1 1 , 479  )
CALL ZEROC 129,  4 7 9 )
CALL FTAPLOTC 100, 310 ,  1 ) 
CALL FTAPLOTC1 0 0 , 2 7 0 , 0 )  
CALL FTAPLOTC 8 0 , 2 9 0 , 1 ) 
CALL FTAPLOTC1 2 0 , 2 9 0 , 0 )  CALL FTAPLOTC 80 ,  1 0 0 , 1 )  
CALL FTAPLOTC120, 1 0 0 , 0 )  
IF C IA N S .E Q . 1 ) GO TO 52 
CALL MODZC 35 ,  595  )
HPIC 8 1 , 3 5 0  )
RADFIC 35, 155 )
HPIC 8 1 , 0  )
FTCLEAR
CALL
CALL
CALL
CALL
STOP
CALL
CALL
CALL
CALL
CALL
CALL
CALL
BIGRC 35 , 5 95  ) 
TWOC111,3 4 9 )  
FIVEC 129, 349  ) 
MEGOHMC3 5 , 1 4 5 )  
BIGXC 3 5 , 1 4 5 )  
TWOC 1 1 1 , 0 )  
FIVEC 129, 0 )
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F I M P U L S E  O N  1 5 / 0 2 / 7 8  A T  1 1 : 4 5
DIMENSION 7_( 0: 512  >, P< 0: 512  >, R< 0 : 512  ), R I(  0 : 512  >, NAME( 10 ), ARRAYC 2050 
JFLAG=1
T Y P E -F ILE  TO BE INVERSE F . T . ' D  ? "
READC1 1 , 1 )  NAME(1 )
1 FORMAT ( S 2 0 >
CAI...L FOPENC 1, NAME >
CALL FOPEKK 0, "$ T T 0 1 "  )
CALL F0PENC2, "SWAPA" >
CALL RDBLKC 1 ,0 ,  %, 4, 1ER )
CALI... RDBLKC 1 ,6 ,  P, 4, 1ER )P I B 2 = 1 .5 7 0 7 9 6
0NEMEG=1E6
DO 999  1 = 1 ,5 1 2J = 5 1 2 - I
K = J  + 1
Z( K )=Z( J )
PC K )=P( J  )
999 CONTINUE
ZC 9 )=0NEMEG*1. 7 
Z< 8 )=0NEMEG*1. 6 ZC 7 )=0NEMEG*1. 5 
ZC 6 )=0NEMEG*1. 4 
ZC5 )=0NEMEG*1. 3 
ZC 4 )=0NEMEG*1,2 
ZC 3 )=0NEMEG*1. 1 
ZC 2 )=0NEMEG*1.0  
ZC 1 )=ONEMEG*0. 9 ZC0 )=ONEME6*0, 8  
PC 9 )=PIB2 
PC 8 )=PIB2 
PC 7 )=PIB2 
PC 6 )=PIB2 
PC 5 )=PIB2 
PC 4)=P IB 2  
PC 3 >=PIB2 
PC 2 )=PIB2 
PC 1 )=PIB2 
PC 0 )=PIB2 
DO 9 J = l , 5 1 3  
I = J - 1
RC I  )=ZC I  )*COSC PC I  ) >RIC I  >=ZC I  >*SINC PC I > )
9 CONTINUE
DO 99 1 = 1 , 5 1 3
J = 2 * I~ 1
L = I - 1
K = 2 0 5 1 -J
ARRAYC K )=-RIC L )ARRAYC K-1 )=RC L )
ARRAYC J )=RC L )
ARRAYC .1+1 )=RIC 1... )
99 CONTINUE
ARRAYC 1 )=0. 0
ARRAYC 2 )=0. 0
ARRAYC1 0 2 6 ) = 0 ,0
CALL DFT4CARRAY,1 0 2 4 , JF LA G )
IF C J F L A G .N E .0 )  STOP UNDERFLOW/OVERFLOW ERROR OCCURED IN FPIDFT
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CALL WRBLKC 2 , 0 , ARRAY,1 6 ,1 E R )  
CALL FSWAF'C "FAXES. SV" )
STOP
END
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F I N D  O N  1 5 / 0 2 / 7 8  A T  1 1 : 4 !
DIMENSION Z( 768  ), P( 768  >, R< 768  ), NAMEC 10 ) 
IFLAG=0
T Y P E -F ILE  TO BE SCANNED ? "
READC 11, 1 > NAMEC 1 )
1 FORMATC9 2 0 )
ACCEPT"UPPER BOUND = " ,B U ,  "LOWER BOUND = " ,  BL
BU=BU*1E6
BL=B L*1E 6
CALL F O P E N C 0 ,"$ T T 0 1 " )
CALL FOPENC 1 , NAME )
WRITEC 0 , 3 )
3 FORMATC I H l  )
WRITEC 0 , 2 )  NAMEC 1 )
WRITEC1 0 , 2 )  NAMEC1 )
2 FORMATC " «, 8 2 0 / )
CALL RDBLKC 1 , 0 , Z , 6 ,  1ER )
CALL RDBI...KC 1, 6, P, 6, 1ER )
DO 99 1 = 1 0 ,7 6 8
99 RC I  )=ZC I  )*COSC PC I  ) >
I  = 10
91 I F C I . G T , 7 6 0 )  STOP
1 =  1 +  1 
J=I + 1
I F C IF L A G - 1 ) 1 0 0 ,2 0 0 ,2 0 0
100 IFC ZC J  ). LT. ZC I  ). AND. ZC I  >. GT. BU ) GO TO 30 
GO TO 91
200 IFC ZC J >. GT. ZC I  ). AND. ZC I  >. LT. BL ) GO TO 31 
GO TO 91
30 CALL FSTUNEC IFLAG, I ,  ZC I  ), RC I  ), RC 1 - 5  ), RC 1+5 ) )
IFLAG=1
1 =  1 - 1  
GO TO 91
31 CALL FSTUNEC IFLAG, I , ZC I  ), RC I  ), RC 1 -5  ), RC 1+5 ) ) 
IFLAG=0
1 =  1 - 1  
GO TO 91 
STOP 
END
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F K A L  O N  1 5 / 0 2 / 7 8  A T  1 1 : 4 5
DIMENSION V( 20 ), SNV( 20 >, VS( 20  ), IK 20 ), PU< 20 ), IK 20 )
OOMMON/H/H
DATA H / 0 . 05, 0 . 2 2 , 0 . 5 , 0 .  8 9 , 1 . 4 1 , 2 .  08 , 2. 91 , 3. 92,
15, 08, 6. 37, 7 . 82 , 9. 3 3 ,  10. 93, 12. 56 , 14. 22 , 15. 7 5 /
CALL FOPENC0 , " $ T T 0 1 " )
WRITEC0 ,2 2 >
22 FORMATC I H l  )
JF=0 
J H I= 0  
LO=0 
N=16 
R""0. 0
ACCEPT " TEMPERATURE COHMS )/CDEG. C > ? .........................  " ,  T
ACCEPT "PRESSURE (MM. OF HG. ) ? ................................   " ,  P
IFC T .G E .7 5 .  0 ) T = ( T - 1 0 0 . 0 ) / 3 8 . 5 * 1 0 0 .0  
RK=SQRT( 1 9 , 5 7 4 0 7 3 * ( T + 2 7 3 .0 >/C 0 . 4 6 4 4 6 *P  ) )
WRITEC1 0 , 1 0 0 )  T ,P ,R K  
100 FORMATC" TEMPERATURE = " , F 5 . 2 , " PRESSURE = " , F 6 . 1 , "  K = " , F 5 . 2 >  
DO 99 1 = 1 , N 
SNVC I  )= I+ 2  
PAUSE
CALL K A L C J H I,L O )
T O T = (J H I* 3 2 7 6 8 .0 + L O ) /1 0 2 4 .  0 
VC I ) = T O T * 1 0 . 0 / 1 6 3 8 4 . 0  
VSC I  >=V( I  >*VC I  )
UC I  )=RK*SQRT< HC I  > )
WRITEC 10, 2 ) SNVC I  >, VC I  ), UC I  )
WRITEC 0 , 2 ) SNVC I  ), VC I  ), UC I  ),
2 FORMATC " NVS = " , F 4 . 1 , "  VOLTS = " , F 5 . 3 ,  " VEL = " , F 6 . 3 >
99 CONTINUE
P = 0 .3 4
I  FORMATC 1H0, " A = " , F 1 0 . 6 ,  " B = " , F 1 0 . 6 ,  " R = " , F 1 0 . 6 ,  " CL = " ,F 1 0 .  I
1" P = " , F 6 . 2 )  i
15 RS=R
P = P + 0 .01 
DO 999 1 = 1 ,1 6
PUC I  )=UC I  ) * * P  
999  CONTINUE
CALL FLSQFC N , A , B , R , C L , V S , P U )
WRITEC 1 0 , 1 )  A, B, R, CL, P 
WRITEC 0, 1 > A ,B ,R ,C L ,P  
IFC JF .EQ . 1 ) GO TO 5 
IF C R .G E .R S ) GO TO 15 
P""P-0 . 02 
WRITEC 10, 11 )
WRITEC0 ,1 1  )
I I  F O R M A T C / / / / / "  AN OPTIMUM VALUE FOR P,AND CORRESPONDING
1 VALUES FOR A ,B ,AN D  R ARE AS F O L L O W S " , / / )
JF=1
GO TO 15
5 WRITEC 0 , 6 )
WRITEC 10, 6 )
6 FORMATC1H0)
WRITEC 0 ,1 0 0 >
WRITEC0 , 2 2 )
TYPE "RESET THE NEEDLE VALVE"
STOP
C -8
F M P I E C E  O N  1 5 / 0 2 / 7 8  A T  1 1 : 4 6  '
DIMENSION 7-( 768 >, P( 768  >, TZ( 768  ), TP< 768  >, NAMEC 10 >
TYPE "PROGRAM TO TRANSFORM IMPEDANCES WITH MOUTHPIECE MODEI 
TYPE " F IL E  TO BE TRANSFORMED ?"
READC 1 1 , 1 )  NAMEC 1 )
1 FORMATC820>
CALL FOF'ENC 1, NAME )
TYPE "LETTER ADDED TO FILENAME ? "
READC 11, 2 ) J
2 FORMATC S I )
ACCEPT "VOLUME OF CUPCC.C. ) = " , V  
ACCEPT"EFFECTIVE LENGTH OF THROATCM.M. ) = " ,E L  
ACCEPT "DIAMETER OF THROATCM.M. ) = " ,D  
ACCEPT"RESISTANCE OF THROATC MEG.OHM) = " , R 
CALL RDBLKC 1, 0, Z, 6, 1ER )
CALL RDBLKC1 , 6 , P , 6 ,1 E R )
DO 100 1 = 1 0 ,7 6 8  
ZR=ZC I  )*COSC PC I  ) )
ZI=Z< I  )*SINCPC I  >>
W L = B .8 8 E 3 * I * E L /C D * * 2 )
W C = 4 .5 7 E -1 1 * I * V  
A=ZI+WL.
B=ZR+R*1E6
DEN=C 1-WC*A )**2+C WC&B ) * * 2  
TZR=B/DEN
TZI=C A*C 1-WOKA ) WC*C B * * 2  ) )/DEN 
T Z C I)= S Q R T C T Z I* * 2 + T Z R * * 2 )
TPC I  )=ATANC T Z I /T Z R  )
100 CONTINUE 
NAMEC 4 )=J
CALL FOPENC 2 , NAME)
CALL WRBLKC 2 , 0 ,  TZ, 6 , 1ER )
CALL WRBLKC2 , 6 , T P ,6, 1ER )
STOP
END
C-9
F M P I E C E  O N  1 5 / 0 2 / 7 8  A T  1 1 : 4 6
DIMENSION %( 768 >, P( 768  >, TZ( 768  ), TP( 7 68  ), NAMEC 10 >
TYPE "PROGRAM TO TRANSFORM IMPEDANCES WITH MOUTHPIECE MODE 
TYPE "F IL E  TO BE TRANSFORMED ?"
READC 11, 1 ) NAMEC 1 )
1 FORMATC 8 2 0 )
CALL FOPENC1 , NAME)
TYPE "LETTER ADDED TO FILENAME ?"
READC 11, 2 > J
2 FORMATC S I >
ACCEPT "VOLUME OF CUPCC.C. ) = " , V  
ACCEPT"EFFECTIVE LENGTH OF THROATCM.M. >=",EL 
ACCEPT"DIAMETER OF THROATCM.M. ) = " ,D  
ACCEPT"RESISTANCE OF THROATC MEG,OHM> = " , R 
CALL RDBLKC 1, 0, Z, 6, 1ER )
CALL RDBLKC 1, 6,‘ P, 6,  1ER )
DO 100 1 = 1 0 ,7 6 8  
ZR=ZC I  )*COSC PC I ) )
ZI=ZC I  )*SINC PC I  ) )
W L=8.8 8 E 3 * I * E L / C D * * 2 )
W C=4.57E-11*I*V
A=ZI+WL
E:=Z R+R* 1 F.r. 6
DEN=C 1 -WC*A >**2+C WC*B )**2 TZR=B/DENTZI=C A*C 1-WC&A >- WC*C B**2 ) >/DEN 
TZC I )=SQRTCT Z I* * 2 + T Z R * * 2 >
TPC I  )=ATANC T Z I /T Z R  >
100 CONTINUE 
NAMEC 4 )=J
CALL FOPENC2 , NAME )
CALL WRBLKC 2, 0 , TZ, 6 ,  1ER >
CALL WRBLKC2 , 6 , T P ,6 ,1 E R )
STOP
END
C-1 0
e s = 0 . 0
AT="0. 0
0 T = 0 .0
F8 = 0 .0
F S S = 0 .0
DO 98 K=2,KM
FS=FS+F( K ) /K
F8S=FB8+< F( K ) /K  ) * * 2
98 CONTINUE 
FM=F8/< K M -1 >
FSD=SQRT( ( FSS-( F S * * 2 / (  KM-1 ) > ) / (  KM -1 ) )
DO 99 K=2,KM
KS=K-:l.
IF< F< K >. GT. F L l  ) GO TO 400  
SA=SA+F(K >
SB=SB+M(K )
SC=SC+F< K )*F (  K >
SD=SD+F( K )*M( K )
99 CONTINUE
400 D=< KS-1 )*SC-SA*SA 
A-:( 8C *S B-8A *S D  >/D
B=< < KS-1 )*8D -S A *S B  ) /D  
DO 999  J = 2 ,K 8
999 S=S+( M( J )-  A‘ -B*F( J ) > **2
SE =8 /(  KS -3 )
AE=SQRT(SE&SC/D>
BE=SQRT( ( KS--1 ) *S E /D  )
IA = A + 0 .5
I B = - 1 0 0 0 .0 * B + 0 . 5  
A S =A 8+ IA -A L1  
BS=B8+10 0 0 * B L 1 + IB  
A T = A T + (A -A L l ) /A E  
BT=BT+( B L l - B  ) /B E
IF  ( I  TEST . EQ. 1 > WRITE ( 0 , 2 )  K S ,A ,A E , B, BE 
WRITEC 1 0 ,2  ) KS, A ,A E ,B ,B E  
2 FORMAT C" HIGHEST PEAK = " , F 2 . 0 , " INTERCEPT^ " ,F 5 .2 ,7 X , " IN T .E R R O R :  
1 , / "  S L 0 P E = " ,F 8 .4 ,  " SLOPE E R R 0 R = " ,F 8 .5 , / )
S--0. 0 
SA--0. 0 
SE;!=0. 0 
S C = 0 .0 
S D = 0 .0 
KK =KSH
DO 101 L=KK,KM 
LS = L -1
IFC F< L ). GT. FL2 ) GO TO 401 
SA=SA+FC L )
SB=SB+MCL )
SC=SC+F< L )*FC L )
SD=SD+FC L >*M( L )
101 CONTINUE
401 D=C LS-KS )*SC-SA*SA 
A=C SC*SB -SA*SD ) /D
IA = A + 0 .5
B=C C LS-KS )*SD -SA*SB ) /D  
I B = - 1 0 0 0 . 0 & B + 0 . 5 
DO 1000 J= K K ,LS
1000 S=S+C MC J  ) -A -B *F <  J  ) ) * * 2  
S E = S /C L S -K S -2 )
• AE=SQRTCSE*SC/D) c-n
BIH;=SQRT( ( LS -KS >*SE/D )
A S A S  + 1A - AL 2 
BS=BSM 0+;l.000*BL2 
AT=AT+(A -A L 2  ) /A E  
BT=BT+( BL2 B )/B E
IF  < I  TEST . EQ. ;l. ) WRITE ( 0 , 2 )  LS, A ,A E ,B ,  BE 
WRITEC 1 0 , 2 )  LS, A, AE, B, BE 
8 = 0 . 0 
S A = 0 .0 
S B = 0 ,0 
S C = 0 .0 
S D = 0 .0 
L L = L S M
DO 102 N=LL,KM 
SA=SA+FCN)
BB=SB+MC N ) k
SC=SC * FC N )*F( N )
SD=BD+F< N )*M( N )
102 CONTINUE
D =( KM- LS )*SC-SA*BA 
A=CSC*SB-SA*SD) /D  
IA = A + 0 .5
B=C ( KM-LS )*SD-SA*SB ) /D  
I  B""“  1 0 0 0 ,0 * 8 + 0 ,5  
DO 1001 J=LL ,KM  
1001 B=S+C MC J )-A -B *FC  J ) ) * * 2  
SE=S/C KM-LS-2 )
AE=BQRTCBE*SC/D )
BE=SQRTC C KM-LS) * S E / D )
AB=AB+IA—AL3 
B S =B S +IB +10 0 0 *B L 3  
A T = A T + (A -A L 3 ) /A E  
BT=BT+CBL3-B ) /B E
IF  C ITES T.E Q . 1 ) WRITE ( 0 , 2 )  KM, A, AE, B, BE 
WF: I  TEC 10, 2 ) KM,A, AE, B , BE 
WRITE C 1 0 , 4 )  A S ,BS, A T ,B T ,FM ,FS D  
IF C IT E S T .E Q .1 )  WRITEC0 , 4 )  A S ,B S ,A T ,B T ,F M ,F S D  
4 FORMATC/," INTERCEPT SIMPLE WEIGHTING = " , F 6 . 0 , / , 5 X , " S L O P E  SIMPLE WE
1 " , F 6 . 0 , / / , 1 5 X , "INTERCEPT WEIGHTING = " , F 8 . 4 ,
2 / , 1 9 X , "SLOPE WEIGHTING = " , F 8 . 4 , / / , 2 5 X , " M E A N  FREQUENCY^" , F 6 .2 ,
3 / , 39X, "FREQUENCY S . D . = " , F 7 . 4 >
CALL FCLOSE C1 , NAME )
IF  C O .E Q .0 )  GO TO 5
IF  C ITEST.EQ. 1 >WRITE C 0 )  "< 14  >"
O""0
GO TO 50
STOP
END
C -1 2
F R U N  O N  1 . 5 / 0 2 / 7 0  A T  1 1 : 4 7
DIMENSION IDATAC 5 00 0  ), VP( 50 ), VU( 50 >, U( 50 ), NAMEC 20 ) 
DIMENSION PASCC 760 ), VO!...UC 760  ), ZC 768 ), PHASEC 760 ) 
ACCEPT "A = " , A ,  "B = “ ,B ,  "P = " , P ,  "D = " ,D ,  "LV= % LEV 
P I = 3 .1 4 1 5 9 2 6 5 3 5  
N = 12 
IEM...N=0
CALL SENDC 10 )
TYPE“ FILENAME ?
READC 1 1 , 1 )  NAMEC 1 )
1 FORMATC S20 )
CALL FOPENC 1, NAME. )
I F ( L E V . EQ. 130 ) C0NST=31 . 7 / 0 . 0 5  
IFC LEV. EQ. 1 4 0 )  C0NST=31. 7 / 0 . 2 6 8  
IFC LEV.EQ. 150 ) C0NST=31. 7 / 0 . 0 8 5  
PAUSE MOUTHPIECE ,
DO 9 L = 1 0 ,7 6 8  
PRESS=0.0 
CPRESS=0. 0 
US=0.0  
ZMEG)=0.0 
P H = 0 .0 
F’HM=0. 0 
CALL SENDC L )
CALL FDELYC 3 0 0 0 )
SAM=50000. 0/1...
ISAM=SAM 
DO 19 IF R = 1 ,N  
199 ISTEP=2
INUM=ISAM/2
CALL ACQUIREC ISAM,IDATAC 1 ) )
2 IF C IN U M .L T .50> 80 TO 3 
INUM=INUM/2 
IS T E P = IS T E P *2
GO TO 2
3 CONTINUE
DO 29 1 = 1 , INUM 
J = C I - l ) * I S T E P + 1  
K=J + 1
VPC I  )=IDATAC J ) / 1 6 3 8 . 4  
vue I  >=IDATAC K ) /1 6 3 8 .  4 
UC I  )=C B*VUC I  )*VUC I  )+A )**C 1.. 0 /P  )
29 CONTINUE
CALL FUNDCINUM,VP, PRMS,PPH)
CALL FUNDC INUM,U,URMS,UPH )
CALL FPC ALC L,AM ,PE)
P1=C0NST*PRMS
D B 1 = 2 0 .0 * A L O G 1 0 ( P l /0 .000 02  )+AM 
CP1 = 0 . 0 0 0 0 2 * 1 0 . 0 * * C D B l / 2 0 . 0 )
US1=UR M S*PI*D *D /4E6
IF C U S l . LÉ. 1 . 0 E -6  ) GO TO 199
ZMEG1=CP1/CUS1&1E6)
PRESS=PRESS+P1 
CPRESS=CPRESS+CP1 
US=US»US1 
ZMEG=ZMEG+ZMEG1 
PH 1=C PPH-UPH ) *C - 1 . 0  )+PE+PI 
7 IFC P H I .G T .P I  ) P H 1 = P H 1 -2 .0 *P I
C-13
IFC P H I , LF. P I  > PHl=PH;l.+2. 0 * P I
I F C P H I . G T . P I . O R . P H I . L F . 'P I )  GO TO 7PH=PH+PH1
WRITEC1 0 , 5 0 )  Z M E G l,D B l ,P H I ,U S l  
50 FORMATC" Z == " , F 5 . 1 , "  DB = " , F 5 . 1 , "  PHASE = " , F 6 . 3 ,  " VU = 
19 CONTINUE
PASCC L )=CPRESS/N 
ZC L )=ZMEG/N*1E6 
ZED=ZME6/N
PDB=20.0&ALOG10CPASCCL ) / 0 . 0 0 0 0 2 )
VOLUC L )=US/N 
PHASEC I . )=PH/N 
77 IFC PHASEC L ). GT. P I  > PHASEC L )=PHASEC L ) - 2 .  0 * P I
IFC PHASEC L ). GT. P I  ) GO TO 77
WRITEC 10, 10 > L, ZED, PHASEC L >, PDB, VOLUC L )
10 FORMATC" " , I 4 ,  " HZ Z= " , F 5 . 1 , "  MOHMS PH I=  " , F 6 . 3 ,
1" RAD DB= " , F 5 . 1 , "  DB U= " , F 1 0 . 7 , "  C M /S " )
9 CONTINUE
CALL WRBLKC 1, IBLN , Z, 6 , 1ER )
JBLN=IBLN+6
CALL WRBLKC1 , JBLN ,PH A SE ,6 ,1 E R )
KBLN=JBLN+6
CALL WRBLKC1 , KBLN,PASO ,6 ,1 E R )
LBLN=KBLN+6
CALL WRBLKC1 , LB LN ,V O LU ,6 ,1 E R )
CALL FSTATC 1 ,3 ,  1ER)
CALL FCLOSC1 )
CALL SENDC 1 0 )
STOP
END
C -1 4
F S P E C T  O N  1 5 / 0 2 / 7 8  A T  1 1 : 4 7
DIMENSION Z( 768 >, P( 768  >, SPC 768  ), SM( 768 >, NAMEC 10 ) 
T Y P E 'F IL E  TO OBTAIN SPECTRUM ?"
READC 11, 1 ) NAMEC 1 >
1 FORMATC S20 )
CALE FOPENC 1,NAME >
ACCEPT"PLAYING FRQUENCY = " , I F R
ACCEPT"REAL C 0 )  OR MODULUS C l )  " , lANS
CALL RDBLKC1 , 0 , Z , 6 ,1 E R )
CALL RDBLKC 1 ,6 ,  P, 6, 1ER >
DO 99 I = I F R , 7 6 8 , IFR 
SMC I  )=ZC I  )
SRC I  )=Z( I  )*COSC PC I  > )
99 CONTINUE
NAMEC 4 ) = " F "
CALL FOPENC 2, NAME)
IF C IA N S .E Q .0 ) CALL WRBLKC2 , 0 , S R ,6 ,1 E R  )
IF C IA N S .E Q .1 )  CALL 
STOP 
END
C - 1 5
F S U M  O N  1 5 / 0 2 / 7 8  A T  1 1 : 4 7
DIMENSION Li 768 ), P( 768  ), R( 768  >, RFC 768 ), NAMEC 10 ) 
TY P E "F ILE  TO BE SUMMED ?"
READC 11, 1 ) NAMEC 1 >
1 FORMAT C S 2 0 )
ACCEPT "INDEX OF WEIGHTING FUNCTION? " ,  RK 
CALL FOPENC 1 , NAME )CALL RDBLKC 1 , 0 ,  Z, 6, 1ER )
CALL RDBLKC 1 , 6 ,  P, 6 , 1ER )
DO 9 1 = 1 0 ,7 6 8
RC I  )=ZC I  >*COSC PC I  ) )9 CONTINUE
DO 99 1 = 1 0 ,7 6 8  
PC I  )=0, 0 
N1 = 7 6 8 / I  
R S = 0 .0
DO 999 J = 1 ,N 1
RS=RS+C J**C -RK ) )*RC J * I  )
999 CONTINUE
RFC I  >=2,0&RS/N1 
99 CONTINUE
IFC C NAMEC 4 >. AND. 177400K ) .G T .3 5 0 0 0 K  ) GO TO 980 
NAMEC 4 >="S"
GO TO 981980 NAMEC 5 > = 0
NAMEC 4 >=C NAMEC 4 ), AND. 177400K ). OR. C "SB" . AND. 377K )
981 CALL FOPENC 2 , NAME)
CALL WRBLKC2 , 0 , R F ,6, 1ER)
CALL WRBLKC2 , 6 , P , 6 ,1 E R )
STOP
END
C-16
A C Q U I R E O N  1 5 / 0 2 / 7 8 A T  1 1 : 4 8
. T IT L E  ACQUIRE 
, EXTN FRET 
.ENT ACQUIRE 
•EXTD . CPYL 
. NREL 
WCT : 0 
MODE:4001 
STOP : 400 
S T A D :10000 
FSMCSi15401
ACQUIRE
DISP=-
5
JSR
LDA
NEG
STA
LDA
DOA
LDA
DOB
LDA
DOC
LDA
DOC
LDA
DOCS
GKPBZ
JMP
LDA
DOCC
FRET
. END
167
Q. CPYL 
1,QDISP, 
1 /  1 
1 , WCT 
1 ,D IS P + 1  
1 , 61  
1 / WCT 
1 / 6 1 1 , MODE 
1 , 6 1 
1 , STAD 1 , 6  !l.
1 , FSMCS 
1 ,6 1  
61  
. -1
1 , STOP 
1 , 61
C - 1 7
S E N D O N  1 5 / 0 2 / 7 8 A T  1 1 ! 4 8
. T IT L E  SEND 
. EXTN FRET 
. ENT SEND 
. EXTD . CPYL 
, NREL 
OPBF:IFED 
IF E D :0 
W C T l: 177777 
BDC: 100167  
D IS P = "1 6 7  
1
SEND: JSR 0.CPYL
LDA 0 , 0 D IS P ,3
STA 0 , IFED
LDA 1 , OPBF
DOAC 1 ,6 1
LDA 1 , WCTl
DOB 1 ,6 1
I. DA 1, BDC
DOCS 1 ,6 1
SKPBZ 61
JMP . - 1
FRET 
. END
GET IFED 
FEED
CURRENT
VALUE
OF
OPBF
TO
BDC
C - 1 8
BellTuning Slide
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MouthpipeMouthpiece
Start of MouthpipeBackbore
Cup
Throat
Rim
Figure 1 Construction of a trombone 
and mouthpiece.
F-1
s ta rt
Construct prototypes
Submit to assessm ent 
by a professional player
Player satisfied 
with quality?
Modify Instrument 
on the basis of 
previous experience
No
YES
Enter
next
stage
Figure "2 Flowchart of design procedure used by Boosey and Hawkes.
f - 2
s ta rt
Construct prototypes
Measure prototypes 
complex acoustic 
impedance
Submit prototypes to a 
panel of players for 
subjective assessm ent using SDS and MDS
Modify instrument 
using Perturbation 
Theory
Players satisfied with quality?
NO
YES
Enter
next
stage
Figure 3  Flowchart of improved design procedure.Instruments are  modified using Perturbation Theory 
on the basis of a thorough understanding of the 
relationship between the subjective dimensions of an instrum ent and its  acoustic impedance.This understanding is obtained by comparing the 
resu lts of subjective assessm ent experiment 
perform ed by a panel of players on a range of instrum ents of differing quality, with the measured 
impedance curves of those instrum ents.
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Figure 5 The mouthpiece modified to  accept the hot-wire  and 
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Figure 6 The hot-wire  probe pos i t ioned  in the mouthpiece t h ro a t
Figure 7 The Mark 1 e x c i t a t io n  system
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Figure 20 Impedance of a s t r a i g h t  tube
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Figure 23 Impedance o f a mouthpiece backbore (Dennis Wick 9BS)
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* L E V E h
Subjective
assessm ent
techniques
Method of 
dyads
Multidimensionalscaling
Metric
multidimensional data reduction.
Method of 
triads
Semanticdifferential
scaling
Semantic
scales
Non-metric 
multidimens ional 
data reduction
Factor
analysis
Figure X 5  Diagram of the process of subjective assessm ent
Level 1 gives the names of the experimental 
techniques. Levels 2 and 3 describe the data 
collection and reduction procedures respectively. 
Solutions may be found for a given number of 
dimensions, and the accuracy of such solutions may be deduced from the data reduction procedures.
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Dull •     —  •   —' • —--------------- - Bright
(a)
Dull I--------------------- — I--------------------    -j Bright
(b)
Figure 'Z.G (a) Osgood’s 7 point D iscrete scale.
(b) Continuous scale used by P ra tt and Doak,
F -2 6
PLEASE HELP
The aim of this questionnaire is to discover whether the timbre of musical instruments can be adequately 
described by using a limited number of adjectives (six in this case) with a subjective rating scale for each 
adjective.
Below are listed some words commonly used to describe timbre. For each family of instruments indicated 
below, and for the combination of all three families, select the S I X  words that you feel would be most useful 
for describing the timbre by ticking the word in the appropriate column. (Thus each column should contain 
six ticks.) Please fill in the table first and then answer the questions overleaf.
T a b l e
Strings Woodwind Brass
Combination 
of all three
Pure 3 3 1 1
Rich 7 3 6 8
Mellow 6 7 2 6
Rough 0 0 3 1
Sharp I 0 2 1
Colourful 3 5 4 8
Harsh 1 1 5 0
Dull 2 2 1 1
Brilliant 5 2 6 5
Nasal 1 8 0 0
Clear 3 4 2 2
Sweet 4 I 0 1
Clean 2 2 2 0
Penetrating 2 4 7 5
Smooth 3 4 1 2
Bright 6 3 7 7
Transparent I 0 I 0
Warm 4 3 2 6
Hollow 0 3 J 0
(1) What is your definition of the word timbre?
(2) Do you think that six adjectives are:
(a) too few? D
(b) too many? CH
(3) Can you suggest any other useful adjectives for describing timbre?
THANK YOU FOR YOUR HELP
Figure 27 The q u es t io n n a ire
F -2 7
INSTRUCTIONS TO LISTENERS
You are going to hear various trombone notes whose tone quality 
(timbre) you are asked to assess using a Subjective Rating Scale.
What is a Subjective Rating Scale?
A subjective rating scale comprises a pair of antonymie (opposite 
in meaning) adjectives which lie at each end of a line which represents 
the gradual transition between the tv/o extremes. To indicate your choice 
simply mark with a cross at the appropriate position on the scale, for 
example:
Bright I  X-------- 1---------------------1 Dull
It is important that you use the entire range of the scale, don’t 
cramp your results in a limited range.
Figure 28 In s t ru c t io n s  to  l i s t e n e r s
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MEANS.RE^  ^  ^  ^  ^  ^  ^•* M* >^p *^ * c^  W%
W H I C H  F I L E  ?  L 0 1
R lS l.R P
FACTOR
P
P
P
T
T
T
T
LEVEL
1
23
1
2
3
4
NUMBER
4
4
4
3
3
3
3
MEAN 
27 . 250
2 9 .2 5 0
2 6 .2 5 0
3 0 .0 0 0  
1 2 .3 3 3
3 7 .0 0 0
3 1 .0 0 0
DEVIATION 
7 ,6 2 8  
1 2 .5 1 7  
8 .4 3 7  
1 ,4 1 4  
2 .0 5 5  
6 , 164 
2 . 160
GRAND MEAN = 2 7 .5 8 3 3 3 3
MEANS + / -  1 STANDARD ERROR
STAND. ERROR
3 . 814  
6 . 259
4 . 219  
0 . 816 
1, 186 
3 . 559  
1. 247
MEAN S .E .
1 I *  I 2 7 .2 5  3 .8 1
2 I *  I 2 9 .2 5  6 .2 6
3 I *  I 2 6 .2 5  4 .2 2
4 1 *1 3 0 .0 0  0 ,8 2
5 I  *  I 1 2 .3 3  1 .1 9
6 I  * I 3 7 .0 0  3 .5 6
7 I  *  I 3 1 .0 0  1 .2 5
F igure 29 ANOVA p r in to u t
F - 2 9
Scale 1 Bad In tona tion  (0) - Good In tona tion  (10)
Average
n 7 9 9 9 9 8.6
12 8 8 8 9 8 8.2
13 9 10 9 9 8 9.0
14 9 9 8 8 7 8.2
15 5 5 6 6 6 5.6
Scale 2 S tu ffy (0) - Free blowing (10)
Average
n 5 6 6 6 6 5.8
12 9 9 9 9 9 9.0
13 9 9 10 10 9 9.4
14 9 9 9 9 9 9.0
15 9 9 8 9 9 8.8
Scale 3 Unpleasant Timbre (0) - P leasan t Timbre (10)
Average
n 0 0 0 0 0 0.0
12 9 8 8 9 9 8.6
13 9 9 9 9 9 9.0
14 9 10 10 10 10 9.8
15 6 7 7 7 7 6.8
Figure 30 The complete r e s u l t s  fo r  C.S.
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Flow
Air supp ly . Horn
Flow con tro l valve
I Flow  con tro l signal
Figure *3 ^  A.G.Webster's theoretical and experimental 
model of the sound production mechanism 
of brass instruments first proposed in 1919.
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F ig u r e  33 Vincent Bach
Boosey and Hawkes Sovereign
F -3 3
PREFERENCE
AB
J.M.B.
2
R.P.
2
G.C.
1
CO 2 2 Same
80 1 1 Same
CA 1 2 2
BE 1 1 Same
AA 1 1 Same
BA 2 1 2
BB 2 1 Same
OB 2 2 Same
AA 1 1 Same
CO 2 2 1
AC 1 2 1
Figure 34 Assessment o f  the  Vincent Bach (A), laquered Boosey and 
Hawkes Sovereign (B), s i l v e r  p la te d  Boosey and Hawkes 
Sovereign(C). When su b jec ts  ra ted  the  instrum ents 
d i f f e r e n t ,  they were asked to  s t a t e  which of the  p a i r  
the  p re f fe re d
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F i g u r e  38 5BP91C (1 o f  3 )
F - 3 8
5BP9I.C
MAX 40 HZ D# 1 49 CENTS 45. 61 MEG.OHMS (\! ::k 39
MIN 74 HZ D 2 14 CENTS 0 .3 3 MEG,OHMS
MAX 117 HZ A# 2 7 CENTS 29, 01 MEG.OHMS Q 55
MIN 141 HZ C# 3 30 CENTS 0. 63 MEG.OHMS
MAX 179 HZ F 3 43 CENTS 2 2 .8 3 MEG.OHMS 9. :k; 51
MIN 202 HZ G# 3 ••“48 CENTS 0. 80 MEG.OHMS
MAX 243 HZ iii! 3 •••28 CENTS 2 0 .9 9 MEG.OHMS 9 50
MIN 266 HZ (;;• 4 29 CENTS 1, 02 MEG.OHMS
MAX 307 HZ D# 4 -2 3 CENTS 1 8 ,5 9 MEG,OHMS 9 :::: 62
MIN 326 HZ E 4 “••19 CENTS 1, 48 MEG.OHMS
MAX 368 HZ ■' F# 4 •9 CENTS 23 . 17 MEG.OHMS 9 63
MIN 389 HZ G 4 ••••13 CENTS 1. 78 MEG,OHMS
MAX 427 HZ G# 4 48 CENTS 21, 34 MEG.OHMS 9 67
MIN 450 HZ A 4 39 CENTS 1 .7 5 MEG,OHMS
MAX 490 HZ B 4 •14 CENTS 19. 47 MEG.OHMS 9 61
MIN 513 HZ C 5 •34 CENTS 2 .0 3 MEG, OHMS
MAX 559 HZ C# 5 14 CENTS 21. 34 MEG.OHMS 9 67
MIN 581 HZ D 5 “••19 CENTS 2 .9 2 MEG.OHMS
MAX 614 HZ D# 5 - 2 3 CENTS 1 7 .2 8 MEG.OHMS 9 :::: 44
MIN 641 HZ i;:: 5 ••49 CENTS 3 . 11 MEG.OHMS
MAX 676 HZ E 5 43 CENTS 1 5 .8 2 MEG.OHMS 9 :::: 69
MIN 700 HZ 1"" 5 4 CENTS 2 .8 1 MEG.OHMS
MAX 739 HZ F# 5 ••“2 CENTS 1 2 ,7 9 MEG,OHMS 9 40
Figure 38 5BP91C (2 o f 3)
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F ig u r e  39 5C091C (1 o f  3 )
F-41
5C091C
MAX 40 HZ D# 1 49 CENTS 46 . 87 MEG.OHMS Q 45
MIN 74 HZ D 2 14 CENTS 0. 33 MEG. OHMS
MAX 115 HZ A * 2 - 2 3 CENTS 2 7 .4 3 MEG. OHMS (:(' :::: 46
MIN 140 HZ C# 3 18 CENTS 0. 65 MEG.OHMS
MAX 178 HZ i" 3 33 CENTS 22. 58 MEG.OHMS 9. :::: 49
MIN 201 HZ G 3 44 CENTS 0. 88 MEG,OHMS
MAX 241 HZ i:;: 3 "4 2 CENTS 20. 66 MEG.OHMS 9 50MIN 264 HZ c 4 16 CENTS 1, 02 MEG. OHMS
MAX 306 HZ D# 4 -2 9 CENTS 17. 57 MEG,OHMS 9 :::: 58
MIN 323 HZ E 4 -3 5 CENTS 1. 56 MEG.OHMSMAX 367 HZ F# 4 -1 4 CENTS 2 5 .2 3 MEG,OHMS 9 :::: 65
MIN 388 HZ G 4 - I B CENTS 1. 90 MEG.OHMS
MAX 425 HZ 8 * 4 40 CENTS 23, 21 MEG.OHMS 9 66
MIN 449 HZ A 4 35 CENTS 1. 83 MEG. OHMS
MAX 408 HZ B 4 —21 CENTS 19. 08 MEG,OHMS 9 67
MIN 509 HZ G 5 -4 8 CENTS 2. 23 MEG.OHMS
MAX 556 HZ C# 5 5 CENTS 23. 22 MEG.OHMS u:: 57
MIN 579 HZ D 5 -2 5 CENTS 3. 40 MEG. OHMS
MAX 614 HZ D# 5 -2 3 CENTS 21. 55 MEG.OHMS 9 61
MIN 640 HZ D# 5 49 CENTS 3. 36 MEG.OHMS
MAX 671 HZ E 5 31 CENTS 15. 92 MEG.OHMS 9 63
MIN 697 HZ F" 5 - 4 CENTS 3. 28 MEG. OHMS
MAX 735 HZ F$ 5 -1 2 CENTS 14. 56 MEG.OHMS 9 43
Figure 39 5C091C (2 o f 3)
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Figure 40 5H091C (1 o f 3)
F - 4 4
5H09JLC
MAX 40 HZ D# 1 49 CENTS 45. 69 MEG.ÜHMS 9. 32
MIN 74 HZ D 2 14 CENTS 0, 38 MEG.OHMS
MAX 115 HZ A# 2 -2 3 CENTS 2 6 .9 3 MEG.ÜHMS 9 47
MIN 138 HZ C i 3 - 7 CENTS 0. 77 MEG.OHMS
MAX 175 HZ 1- 3 4 CENTS 24 . 42 MEG.OHMS 9 43
MIN 201 HZ G 3 44 CENTS 0. 85 MEG.OHMS
MAX 241 HZ B 3 ••”42 CENTS 2 3 .6 8 MEG.OHMS 9 58MIN 265 HZ C 4 22 CENTS 1, 12 MEG,OHMS
MAX 305 HZ D i 4 ••”34 CENTS 16. 78 MEG.OHMS 9 54
MIN 323 HZ E 4 -3 5 CENTS 1. 62 MEG,OHMSMAX 369 HZ F i 4 - 5 CENTS 2 6 .5 7 MEG.OHMS 9 59
MIN 391 HZ G 4 - 4 CENTS 2. 06 MEG,OHMS
MAX 424 HZ G i 4 36 CENTS 21. 58 MEG,OHMS 9 62
MIN 447 HZ A 4 27 CENTS 1. 95 MEG.ÜHMS
MAX 482 HZ B 4 -4 2 CENTS 1 8 ,7 6 MEG.OHMS 9 52
MIN 507 HZ B 4 45 CENTS 1. 98 MEG.ÜHMS
MAX 557 HZ C i 5 8 CENTS 22. 26 MEG.OHMS 9 62MIN 578 HZ 1.) 5 -2 8 CENTS 3. 21 MEG.ÜHMS
MAX 614 HZ D i 5 - 2 3 CENTS 20 . 86 MEG.OHMS 9 50
MIN 639 HZ D i 5 46 CENTS 3. 48 MEG. OHMS
MAX 672 HZ E 5 33 CENTS 16, 64 MEG.OHMS 9 66
MIN 697 HZ 1" 5 - 4 CENTS 2. 93 MEG,ÜHMS
MAX 738 HZ F i 5 •5 CENTS 14. 88 MEG,OHMS 9 65
MIN 758 HZ F 'i 5 42 CENTS 4, 06 MEG.ÜHMS
Figure 40 5H091C (2 o f 3)
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F ig u r e  41 5K I9 1C  (1 o f  3 )
F -4 7
5K I91 C
MAX 40 HZ 0# 1 49 CENTS 4 4 .7 6 MES. OHMS 9. 31
MIN 73 HZ i:> 2 - 1 0 CENTS 0. 38 MES,OHMS
MAX ;l. 18 HZ A# 2 22 CENTS 3 0 .3 7 MES,OHMS 9 49
MIN 142 HZ c * 3 42 CENTS 0. 73 MES.OHMS
MAX 178 HZ f 3 33 CENTS 23 . 28 MES. OHMS 9 46
MIN 203 HZ 8# 3 -3 9 CENTS 0. 81 MES.OHMS
MAX 241 HZ B 3 -4 2 CENTS 21. 18 MES. OHMS 9 :::: 59
MIN 264 HZ c 4 16 CENTS 1. 02 MES.OHMS
MAX 306 HZ D# 4 - 2 9 CENTS 1 8 .5 4 MES. OHMS 9. 58
MIN 325 HZ ih: 4 - 2 4 CENTS 1. 58 MES.OHMS
MAX 368 HZ F# 4 - 9 CENTS 2 5 ,8 8 MFIS. OHMS 9 64
MIN 391 HZ (S 4 - 4 CENTS 1, 84 MES.OHMS
MAX 426 HZ 8 * 4 44 CENTS 20 . 33 MES.OHMS 9 :::: 58
MIN 450 HZ A 4 39 CENTS 1. 66 MES.OHMS
MAX 488 HZ B 4 -2 1 CENTS 17. 40 MES,OHMS 9. :::: 62
MIN 510 HZ 8 5 - 4 4 CENTS 2, 00 MES,OHMS
MAX 558 HZ C* 5 11 CENTS 22 . 12 MES.OHMS 9 ;:u 59
MIN 583 HZ D 5 - 1 3 CENTS 3. 02 MES.OHMS
MAX 617 HZ D# 5 - 1 5 CENTS 1 9 .0 0 MES. OHMS 9. 59
MIN 643 HZ I!!: 5 -4 3 CENTS 3. 13 MES.OHMS
MAX 672 HZ E 5 33 CENTS 13. 55 MEG,OHMS 9. 55
MIN 695 HZ F 5 - 9 CENTS 2. 91 MES.OHMS
MAX 739 HZ F# 5 - 2 CENTS 13. 32 MES.OHMS 9 48
Figure 41 5KI91C (2 o f 3)
F - 4 8
L O
w u _ c
c aLlJCkC
F i g u r ç  41 5K I91C  (3  o f  3 )
F -4 9
oooo
Q
Q
Q  ^
C3
UJ
Q  0 ^  O  ^in
Q
Q
Q
Q
O
Q
Q
Q
Q QQ Q Q O tn tntn x r m rv r\f Xg (M
F i g u r e  42 5LF91C (1 o f  3 )
F -5 0
5LF91C
MAX 40 HZ :l. 49 CENTS 45 . 63 MEG.OHMS Q 32
MIN 74 HZ D 2 14 CENTS 0, 32 MEG.OHMS
MAX 119 HZ A# 2 36 CENTS 2 3 .4 9 MEG, OHMS 0 34
MIN 144 HZ i:> 3 -3 4 CENTS 0. 83 MEG.OHMS
MAX 181 HZ F# 3 -3 0 CENTS IB .  17 MEG.OHMS Q 31
MIN 204 HZ G# 3 -3 1 CENTS 1. 29 MEG,OHMS
MAX 242 HZ B 3 -3 5 CENTS 2 1 .9 7 MEG, OHMS B — 50
MIN 262 HZ C 4 2 CENTS 1. 83 MEG.OHMS
MAX 309 HZ i;># 4 -1 2 CENTS 22 . 34 MEG.OHMS B :u: 54
MIN 329 HZ F 4 - 3 CENTS 2 .3 6 MEG.OHMS
MAX 370 HZ F * 4 0 CENTS 2 8 .4 9 MEG.OHMS B :::: 57
MIN 393 HZ G 4 4 CENTS 2. 93 MEG.OHMS
MAX 426 HZ G# 4 44 CENTS 28 . 11 MEG.OHMS B :::: 61
MIN 454 HZ m 4 -4 6 CENTS 2. 42 MEG.OHMS
MAX 492 HZ B 4 - 7 CENTS 2 4 .0 1 MEG,OHMS B ::n 65
MIN 519 HZ C 5 - 1 4 CENTS 2 .5 2 MEG.OHMS
MAX 558 HZ Ct- 5 11 CENTS 2 2 .4 5 MEG. OHMS B 67
MIN 583 HZ 0 5 - 1 3 CENTS 3 .2 2 MEG.OHMS
MAX 613 HZ D# 5 —26 CENTS 19. 50 MEG.OHMS B :::: 51
MIN 645 HZ F 5 - 3 8 CENTS 2, 53 MEG,OHMS
MAX 679 HZ F 5 -4 9 CENTS 1 3 .8 9 MEG, OHMS B 56
MIN 702 HZ 1" 5 9 CENTS 2. 88 MEG,OHMS
MAX 735 HZ F# 5 - 1 2 CENTS 10. 26 MEG.OHMS B 31
Figure 42 5LF91C (2 o f 3)
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F ig u r e  43 5VB91C (1 o f  3 )
F -5 3
5VB91C
MAX 40 HZ m 1 49 CENTS 40 . 76 MEG.OHMS 9. 37
MIN 73 HZ D 2 •••• 10 CENTS 0 ,3 3 MES.OHMS
MAX 116 HZ A# 2 " 8 CENTS 2 6 .9 1 MEG. OHMS 9 45
MIN 141 HZ C# 3 30 CENTS 0. 70 MEG.OHMS
MAX 178 HZ F" 3 33 CENTS 1 8 .8 1 MEG.OHMS 9 %:: 39
MIN 201 HZ G 3 44 CENTS 0. 96 MEG.OHMS
MAX 239 HZ A# 3 43 CENTS 17. 76 MEG.OHMS 9 38
MIN 263 HZ C 4 9 CENTS 1. 41 MEG.OHMS
MAX 304 HZ D# 4 "4 0 CENTS 17. 12 MEG.OHMS 9 52
MIN 322 HZ i=: 4 "41 CENTS 1. 60 MEG.OHMS
MAX 365 HZ F» 4 ""24 CENTS 24 . 15 MEG,OHMS 9 64
MIN 386 HZ G 4 -2 7 CENTS 2. 02 MEG.OHMS
MAX 425 HZ G# 4 40 CENTS 21 . 02 MEG.OHMS 9 55
MIN 449 HZ A 4 35 CENTS 2. 03 MEG.OHMS
MAX 485 HZ B 4 ""31 CENTS 18. 06 MEG. OHMS 9 65
MIN 506 HZ B 4 42 CENTS 2. 22 MEG.OHMS
MAX 553 HZ C* 5 ""4 CENTS 20 , 76 MEG.OHMS 9 68
MIN 575 HZ D 5 -3 7 CENTS 2. 80 MEG.OHMS
MAX 614 HZ D# 5 -2 3 CENTS 18, 65 MEG.OHMS 9 ::: 55
MIN 640 HZ D# 5 49 CENTS 3. 53 MEG.OHMS
MAX 671 HZ F." 5 31 CENTS 14. 21 MEG.OHMS 9 59
MIN 695 HZ F 5 - 9 CENTS 3. 23 MEG.OHMS
MAX 734 HZ F# 5 -1 4 CENTS 13. 29 MEG.OHMS 9 48
MIN 746 HZ F-» 5 14 CENTS 6. 65 MEG. OHMS
Figure 43 5VB91C (2 o f 3)
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F ig u r e  44 5YM91C (1 o f  3 )
F -5 6
5YM91C
MAX 40 HZ D# 1 49 CENTS 28, 17 MEG.OHMS Q - 15
MIN 74 HZ D 2 14 CENTS 0 , 63 MEG.OHMS
MAX 116 HZ A» 2 ••••8 CENTS 29. 24 MEG.OHMS 0 "" 50
MIN 140 HZ et- 3 18 CENTS 0 . 8 3 MEG.OHMS
MAX 177 HZ F 3 23 CENTS 19. 57 MEG.OHMS Q - 36
MIN 201 HZ 8 3 44 CENTS 0 . 82 MEG. OHMS
MAX 240 HZ B 3 -4 9 CENTS 17, 44 MEG.OHMS 9. 42
MIN 262 HZ C 4 2 CENTS 1. 61 MEG. OHMS
MAX 303 HZ D# 4 ••-46 CENTS 18. 74 MEG.OHMS 0 52
MIN 323 HZ E 4 -3 5 CENTS 1. 73 MEG. OHMS
MAX 368 HZ F * 4 -9 CENTS 24. 55 MEG. OHMS Q 61
MIN 389 HZ 8 4 - 1 3 CENTS 1. 99 MEG.OHMS
MAX 425 HZ 8# 4 40 CENTS 19. 80 MEG.OHMS 9 ::: 50
MIN 448 HZ A 4 31 CENTS 2 . 0 9 MEG.OHMS
MAX 488 HZ B 4 -2 1 CENTS 20. 73 MEG.OHMS 9  :::: 63
MIN 512 HZ C 5 - 3 8 CENTS 2 . 4 4 MEG.OHMS
MAX 557 HZ C» 5 8 CENTS 20 . 50 MEG.OHMS Q "" 68
MIN 577 HZ D 5 -3 1 CENTS 3 . 49 MEG.OHMS
MAX 606 HZ D* 5 - 4 6 CENTS 16. 91 MEG.OHMS 9 :::: 36
MIN 633 HZ D:||: 5 30 CENTS 3 . 9 2 MEG.OHMS
MAX 663 HZ F 5 10 CENTS 16. 28 MEG.OHMS Q = 33
MIN 690 HZ !"• 5 -2 1 CENTS 3 . 3 1 MEG.OHMS
MAX 736 HZ F» 5 -9 CENTS 15, 36 MEG.OHMS 9 :::: 60
MIN 761 HZ F# 5 48 CENTS 3 . 9 3 MEG. OHMS
Figure 44 5YH91C (2 o f 3)
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F ig u r e  49 S tra ig h t  tube 5C091C
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Figure 51 The d i s t r i b u t i o n  o f  trombones used by a sample 
o f  p ro fes s iona l  p layers  (from refe rence  [48])
F -6 5
Boosey and Hawkes Sovereign ( s i l v e r - p l a t e d )  
Frequency (Hz.) Impedance (Mfi)
Before Afte r
40 29.2 30.1
116 24.0 24.9
178 18.3 19.1
240 16.4 20.1
305 14.0 15.3
368 19.5 19.7
424 16.1 16.6
491 13.6 13.8
561 14.1 14.9
616 13.9 14.3
Figure 52 The magnitudes of  the  impedance maxima of  the 
Boosey and Hawkes Sovereign ( s i l v e r - p l a t e d )  
before and a f t e r  in te rn a l  c leaning
F466
>1Latzsch Ei> Alto Trombone
Frequency (Hz.) Impedance (Mo)
Before A f te r
54 54.1 53.9
158 35.1 36.3
241 27.5  31.0
320 25.1 25.3
410 24.5 24.6
491 31.5 31.1
570 22.4  23.1
650 19.0 19.5
736 22.9 23.5
Figure 53 The magnitudes of the  impedance maxima of  the  
a l t o  trombone before  and a f t e r  in t e r n a l  
c leaning
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F i g u r e  54 Boosey and Hawkes pro totype 
As above, but inc luding  t h e o r e t i c a l l y  
the  mouthpiece cup volume
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F i g u r e  55 5BP91C
5BP51C
F -6 9
J.M.B. P .H,
CC 1 1
BA 2 1
BB 2 2
CA 2 2
AA 2 2
CB 1 Same
AC Same 2
AB 1 1
BC Same 1
Throat diameter (mm) Cup volume (cc) 
Mouthpiece body A 7.35 11.35
Mouthpiece body B 7.10 11.25
Mouthpiece body C 7.10 9.60
Figure 56 The s u b jec t iv e  assessment o f  th re e  d i f f e r e n t  
G ia rd in e l l i  mouthpiece bodies
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Figure 57 S t r a i g h t  tube: length equal to 1s t  s l i d e  sec t ionof  a Boosey and Hawkes Sovereign 
Boosey and Hawkes Sovereign with s l i d e  removed
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f i g u r e  58  H o l t o n  C o l e g l a t e Before damage occured 
After  damage occured
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Mode L a q u e re d  ( 1 ) L a q u e r e d  ( 2 ) S i l v e r - p l a t e d
2
3
4
5
6
7
8
9
10 
11 
12
38.1
24.8
20.5 
24.3
15.5
20.8
16.9
14.5
16.1
14.9 
9 .4
36.1
24.3 
19.7
23.6
15.7
21.5
18.3
15.0
16.6
14.1 
9.7
30.8
24.1 
18.4
19.7
14.7 
19.3
16.2
14.2
14.8
14.3 
9 .5
Figure 59 The magnitudes (in  MJ2) o f  the impedance maxima fo r  the 
two laquered and the one s i l v e r - p l a t e d  Sovereigns
F -7 3
Q  LU
C
m—
O  ( M
N Q
F ig u r e  60 H o l t o n  C o l l e g i a t e d .c .  a i r f low  2m.s
- 1
 -----  d . c .  a i r f low  10m.s - 1
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F ig u r e  61 5VB91C, 5VB93C, 5VB95C, 5VB97C
F -7 5
o  r\j
N
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F ig u r e  63  Boosey  and Hawkes p r o t o t y p e Measured a t  the t h r o a t  
Measured a t  the  rim
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Boosey and Hawkes pro totype
Pred ic ted Playing Frequencies (Sum Function maxima) Playing Frequenc
Condition (a) Condition (b) Condition (c) JMB PSW RLP
117 117 118 119 118 119
179 176 177 181 177 181
244 235 236 242 238 239
308 295 296 305 299 306
369 352 354 363 352 355
Condition (a) Sum Function computed from measurements taken in the  t h ro a t
Condition (b) As ( a ) ,  but inc luding t h e o r e t i c a l l y  the  cup volume
Condition (c) Sum Function computed from measurements taken a t  the  rim
Figure 64 The Sum Function f requencies  computed f o r  Conditions 
(a) to ( c ) ,  and the playing f requencies  obta ined by 
th re e  p layers
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F ig u r e  65 Im p u ls e  re s p o n s e  o f  t h e  H o l t o n
Before damage occured 
A f te r  damage occured
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INSTRUMENT
Stuf fy  (0) ~ Freeblowing (10) Unpleasant Timbre (0) -
Pleasan t  Timbre (10)
B&H prototype 7 7 5 5 6
AVERAGE
6.0 8 4 4 4 7
AVERAGE
5.4
Holton 3 4 3 5 4 3.8 4 4 2 4 4 3.6
King 2B 6 6 6 7 6 6.2 7 5 4 4 8 5.6
Laf leur 9 9 9 7 8 8.4 9 9 9 6 9 8.4
Yamaha YSL 651 8 7 6 5 6 6.4 6 7 8 5 8 6 .8
S tu f fy  2 1 5  4 Freeblowing
Unpleasant Timbre Pleasan t  Timbre
Figure 66 Scores and ana lys i s  fo r  the  p layer  L.P. In the two l in e s  
immediately above,a space in d ic a te s  a d isc r im ina t ion  between 
ins truments  a t  the  1% l e v e l .  No d isc r im ina t ion  i s  in d ica ted  
by v e r t i c a l  placement
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AUDIO IMAGERY QUESTIONNAIRE
You a r e  p ro b ab ly  a lre a d y  f a m i l i a r  w ith  th e  co n cep t o f  a "p h o to g rap h ic  
manory " , th e  a b i l i t y  to  r e c a l l  v i s u a l  s e n s a t io n s .  In  t h i s  q u e s t io n n a ire  
th e  q u e s tio n s  a re  r e l a t e d  to  aud io  im agery o r tlie  a b i l i t y  to  r e c a l l  aud io  
s e n s a t io n s .  B efo re  a d d re s s in g  y o u r s e l f  to  th e  q u e s tio n s  below , t r y  to  
r e c a l l  (or "p lay  o v e r" ) a f a v o u r i te  o r  f a m i l ia r  p ie c e  o f  m usic (p re fe ra b ly  
en sem b le ).
(1) How c lo s e  to  r e a l i t y  does th e  p ie c e  sound ( i e ,  i s  th e  e x p e rien ce  as 
v iv id  a s  go ing  to  a c o n c e rt?
Not a t  a l l  
c lo s e  to  -f 
r e a l i t y
As v iv id  
as  r e a l i t y
(2) How w e ll can  you a d ju s t  th e  volume o f  th e  p ie c e ?
Not a t i  
a l l  I
P e r f e c t ly
w e ll
(3) How w e ll can you p ic k  o u t  th e  v a r io u s  in s tru m e n ts  (or v o ic e s )  p la y in g ?
Not a t
a l l  -I
P e r f e c t ly
w e ll
(4) How w e ll can  you s h i f t  th e  p ie c e  to  a d i f f e r e n t  p i tc h ?
Not at} 
a l l  I
P e r f e c t ly
w e ll
(5) How w e ll can you change th e  so lo  in s tru m e n t in  a p ie c e  ( i e ,  cou ld  you 
change th e  ho rn  in  a  M ozart ho rn  co n ce rto  to  a f l u t e ,  f o r  example?
Not a t j  
a l l  '
P e r f e c t ly
w e ll
P le a se  a ls o  answ er th e  fo llo w in g  two q u e s tio n s
(1) Sex: Male ( 
Female ( )
(2) Approximat e  Age:
11-15 
l b - 20 
21-25 
26-30 
31-35 
36-40
41—45 
46-50 
51-55 
56-60 
61-65 
o v e r 65
F i g u r e  67  The a u d io  im a g e r y  q u e s t i o n n a i r e
F -81
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